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IMs handbook k intended as a guide <f or engineers, a^hitects, 
£ ^d iiidmdu^ familiar with beating aaf v^tiiati^aHP^ioms 
; fgj^&^d^ito design ji solar beating aysteni foi a raMmtiaL or small 

M \ j£Ks climate erf the region is discussed tfy selected dtiet in terms 
«sf.phe ©fifect of climate on sciLer heating requirements. The four 
states covered are California; Oregon, Washington, and Arizona, 
Presented ijflHetaii me the design parameters and pslrarmance 
cha*aicteristi«& (1) liquid space heating systems of the active type 
using flat plA collectors, water heat storage, and forced air dis- 
tribwpoi; Oqpictive air space heating systems using flat plate 
collectcM, rock-bed storage; and forced air distribution; and (3) 
domestic hot water heaters of the active type using liquid-cooled 
flat fjlate collectors, The analyses are b&sed on hour-by-hour com- 
puter simulations using actual weather data from six selected 
cities. The collector area required for the three types of active 
systems has been determined as well as the effect of qhanges in all 
the design parameters, A simple, empirical, monthly solar-load 
ratio baethod for determining collector area is described and results 
are presented for 13 additional locations within the region. " 

Swimming pool heaters are described briefly, and passive space 
heating systems are discussed qualitatively in terms of a number of 
suceeisful designs, * ■ 
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Thi ate of this handbook is aid^ 
the proper choice of collector size, Storage 
size» and i other importan t design 
parameters solw ipaee heating or 
domestic hot water system of the active 
'type.'m^ht Pacific Region, 

Much &£ the infarction presented 
here is relatively technical and will be of 
use primarily to architects, contractors, 

find ronsiilting pTigiyi^ra hpfltjng yen- 

tilating, and air-conditioning. It may be 
of use to the "do-it-yourself" owner- 
builder with a sufficient technical 
background. 

A great deal of design irj|ormation on 
solar heating systems is currently 
available. New "how-to" books are ap- . 
pearing all the time. Solar hardware is 
being manufactured by a number of com- 
panies in the United States and abroad. 
We estimate that there will be 1,000 to 
1,500 solar heated buildirtgs in this coun- 
try alone 6y the end of 1976, 
i Although design principles of solar 
heating are now widely understood, 
current literature does not provide quan- 
titative descriptions of the thermal in- 
teraction of the solar heating system 
components* This type of analysis is 
relatively complicated and is highly 
dependent on the weather patterns in the 
locality where the system is to be used 
and involves simulation of solar perfor- 
mance from hourly /solar radiation 
records on a digital computer. This has 
hardly been a practical approach for the 
Individual builder. 

The handbook supplies this type of 
quantitative analysis for the Pacific 
Region, With it f the designer can deter- 
mine collector and storage size and other 
important design parameters proper to 
the building's locality without an in- 
dividualized computer simulation, 

The emphasis of the handbook is on 
what have come to be called "active" 
systems. No quantitative analyses are of- 



fared here for "passive 11 zygtejmB* lids is 
in part because quantitative akialysis of 
active systems is reasonably wfill 1 un- 
derstood, while with " passive systems 
much work remains to be done: It is also 
a matter of what can be acceptably 
defined as a "standard" system of either 
kind during this- early period of the 
development of solar technology. An ac- 
tive syste m is-^ienerftl^ to 
consist of a liqui^br-ftir-codled metal 
flat plate collector with a storage taiik or 
rock bed and with forced air or liquid dis- 
tribution systems connecting the solar 
collector to the hea^ storage area and liv- 
ing space, Certain elements of hardware* 
notably collectors, are commercially 
V available fortfiSive systems and spealf for 
a degree of standardization at the present 
time* It is upon these notions that the 
term "standard" used in the handbook is 
based* * f 

By contrast, the passive approach 1 
solar heating is almost as varied as the 
individual buildings themselves, and it is 
not yet^jjossible— if even desirable— to 
call any pne passive approach, "stan- 
dard," However, a section on the passive 
use of solar energy has been included in 
the handbook in the interests of com- 
prehensiveness. It is hoped thereby that 
liquid and air systems of the active type 
not be taken as the standard for all 
energy systems, simply because 



k is 



they are more easily subject to quan- 
titative analysis, or more N c!osely resem- 
ble conventional heating systems in cer- 
tain respects. 

For similar reasons, brief discussions of 
swimming pool heaters, heat pumps f 
reflectors, etc, 4 have been included in the 
handbook, These-are economically feasi- 
ble uses of solar energy at the present 
time, although . detailed quantitative 
analyses of performance data are not yet 
available. 
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The greater bulk of information 

r - ;designer faced with a specific problem iir 
t gxi active^pace heating or domestic hot 
water system^ and some indication at 
tills point beed& te be given Qoncenuni^ 
* * the use of the handbook for this purpose. 
In the section of Space Heating-Active 
Systems/ the effects of varying any one of 
the fifteen parameters* of the nominal 
standard liquid system are presented in 
detail for six locations within the region, 
The standard air space heating system is 
- presented in the same manner for those 
parameters it does not share with the li- 
quid system > and the domestic hot water 
systerti also for those parameters it does 
not share with either, 

Thus the designer interested in the ef- 
fect of varying any one of the design 
parameters on the performance of the - 
whole system should first consult the list 
of nominal design parameters on page 17, 
and then t\am to the detailed discussions 
of individual parameters that follow, 
* * It should be noted here that the design 
^ parameters were varied singly in the 
simulations, holding all qthers constant, 
The designer should, therefore, use care 
in varying two or more design parameters 
simultaneously, since some of these may 
he coupled non-linearly. Any individual 
system will, of course, deviate -somewhat 
from the standard system as well, 
Furthermore, the effect of parameter 
changes has been studied in the 
handbook- for only six locations where 
hourly weather and solar radiation have 
been recorded. The magnitude of the ef- 
fect will be different for other localities 
within the region. However, the results 
for thfe six cities studied should en- 
compass the range of climate within the 
Pacific Region. 

One of the main purposes of the 
handbook is to enable the desigfter to 
determine the size of the collector array 
for an active space heating system 
anywhere in the region. The subject is 
covered for space heating systems for the 
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six citiet begiimfaig oii page 52, where it 
- nossiBie lor &ne cicsi&iitsr i#u nnsn it wMwr-.v. * . 
heating system iii^ly by using M» -< 
taBfes on pages S^and 61; For othei arels 
within the region it will be necessaly to 
use the Monthly SoirrLoad EWio 
Method, an explanation of which beguis 
fan page 59, with cast studies exenaplify- 
ing the use of the method in the Appen- 
dix, 

Similar tables and calculatlone for 
determining the size of domestic hot 
water heating systems are presented at 
the end of the hot water heating section, 

Some last words of caution. The ap- 
parent simplicity and grass-roots appeal -. 
of solar heating can trap the unwary into 
a poor installationv Anyone who would 
not consider designing a home heating 
system should not blithely launch into a 
solar heating installation, particularly of 
a complex type, Adequate preparation is 
advised and should include a basic work- 
ing knowledge of the conventional 
heating system to be employed in con* 
junction, with the solar unit. Many books 
are available to the individual wishing to 
design his own system, This handbook is 
not intended to overlap the practical 
details and hardware considerations in 
the now numerous "how-to" books and 
catalogs, some of which are listed in the 
reference section, 

It should be noted that because solar 
heating is a relatively new commercial 
field, certification procedures are still in 
the process of being developed for solar 
equipment. Thus, the builder must be es- 
pecially attentive in his choice of equip- 
ment to detern^pe that it will last the re- 
quired time and easily maintained 
and repaired. Solar heating systems of 
the active type are relatively expensive, 
and their cost effectiveness depends on 
these factors, j 
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>t Solar energy can be used to jMrovidf a 
major fraction of the domestic hot water 
d space heating requirements in 
juildingr throughput most of tke con* 
tii^entel ^ States. Although solar 
radiation is a relatively diffuse and weak 
^source of energy at the earth's surface, it 
is precisely this typ# of low-temperature 
energy which is best suited for space 
heating and hot water heating on a small 
residential scale. Given the fa^t that 
present-day collectors can retain only 
one-third to one-half of the total solar 
radiation that falls on them, they are still 
' able to raise the temperature of con- 
siderable quantities of water to useful 
levels (e.g. 13Qrl50°F) in the course of a 
sunny day. Suck temperatures will not 
power turbines or smelt iron ore but will 
serve admirahjy for heating a house, 

Cfimate fta^cri^iMl factor in the per= 
formance of any softr heating system* 
The, Pacific Region includes some areas 
ideally suited for solar energy systems as 
well as others that present a variety of 
problems. For the purposes of this 
handbook, the region is defined as the 
three Pacific * Coast states, California, 
Oregon, and Washington. Arizona, 
however, has been included, owing to 
similarities between its climate and that 
of Southern California, It also contains 
large population centers for which hour- 
by-hour weather "data are available, A 
city outside the region, Bismarck, North 
Dakota, has been included in order to 
provide an example of a cold, northern 
climate similar to the eastern parts of 
Washirigtofi and Oregon for which 
detailed weather data were not yet 
available. 

The Pacific Region encompasses such 
a tremendous variety of climates that it 
cannot be considered a homogeneous 
zone. In terms of solar heating, for exam- 
pie, the collector area required to reduce 



thi consumption of conveiitidttftl Puels t W 
50% will vary .by a factor of i^toly mVm 
throughout the region,! Moreover, poun* 
daries of climalic lones w^^ths iSl!^ 
/ are not clearcut; the i^nurte ^ liear th^ 
coastline can change marlrtSy within a 
fevi miles oj^a few hundred feet in 
altitude, These and some inland areas 
are subject to foggy conditions at various, 
times throughout the ywru ^iihly 
variable conditions dependent on 
altitudes, slope, etc*, also affect moun- 
tainous areafi, Such factors should be 
taken into account in estimating the per- 
formance of a solar heating system . They 
imply a detailed knowledge of not only 
the characteristics of the climate of the 
general area where the solar heating 
system is to be constructed, but of the 
** peculiarities of the microclimate as well, 
A useful way* however^ to discuss the 
climate of the Region is ix\ terms of solar 
and weather data from representative 
cities, LA3L has studied the data of 18 
cities which can serve as guides to the 
varieties of climate within the region. Of 
these cities* six were studied in detail at 
' LASL; they are indicated by circled dots 
on the map on page 4 H The hourly records 
of solar radiation and weather data 
available for these six cities were used in 
the computer: simulations of parametric 
variations for solar spacje heating and 
domestic hot water systemSj the results 
; df which are discussed beginning on page 
19, Their general climatic characteristics 
can be summarized as follows: 



Phoenix, Arizona, Th€ climate is 
arid southwestern, although significant 
irrigation has increased the humidity 
within the *Phoenix basin, The , winter 
heating season is short with ample 
sunshine and large diurnal fluctuations 
in temperature. 
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- 3 relatively sunny. Although the heating 
season is mild, it extends over most of the 
year due to the influence of sea breezes - 
from the cold Pacific stream. 

Ftwm, ' Caltforlitiii> /btliXi^te is 
^typical of the inland basin, with the v l 
heating Mason conce ntrated in the two- 
. month period of December-Jan Uary 
when the weatl^is generally fog^ but 
not severely coldT" " 

Medford, Oregon, The climate is 
moderate, perhaps the most average of 
those atudied-in the region. There is con- 
stderable rainfall in the winter menths, 

Seattle, Washington, T)ie foggy 
coastal climate of Seattle is dominated 
by the cold Pacific stream, .which results 
in a heating season that is long and cool 
without being severely cold, Little direct- 
beam sdftr energy penetrates the humid, 
foggy atmofipKSre. 

Bismarck, North Dakota, In this 
central continental climate, the Heating 
season extends from September into 
June and is severe with average daily 
temperatures of 10°F in January, 
Althqpgh there is appreciable snowfall 
and blizzards are frequent, the potential" 
for solar heating is gobd on account of the 
high percentage of possible sunshine in 
* tHe winter, 

" The remaining f3 cities were studied in 
terms of jnonthly weather and solar data, 
, They are: Page and Tucson, Arizona; El 
Centro, Inyokern, Los Angeles, #nd , 
Riverside, California; Astoria and Cor- 
vallis, Oregon; and grosser, Pullman, 
and Spokane, Washington. They are in- 
dicated by dots on the map on this page , 
and the tables giving data for these cities 
are to be found on page 61 in the section 
on estimating the size of solar collectors 
for active systems, ,- 
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III. Design Considerations 



Some climatic zones within the Pacific 
Region arc clearly more suited for sblar 
heating than otiers, eitlw in terms of 
overall solar radiation or in terms of 
seasonal or e^en daily patterns. In some 
areas the goal can be, at ■ best/ to reduce 
the costs of conventional heating fcy 
enough to justify the additional cost of r 
supplementary system _ In \ the cth er 
sunrty locations a solaj 4 heading system 
can be expected to supply the ma j or 
source^ of heat with gas, propane, elec* 
tricity, or wood providing the rest. 

Site will al§o have a bearing on which 
heating system is to be the primary one, 
In extreme cases it will deter mine 
whet her a solar installation should be 
considered at all. Obscuration by 
buildings, trees ^ hills, =.jr maun tains 
should be studied to asceratfri when and 
how much solar radiation is lost. Until 
legal sun rights are established by 
legislative oj judicial processes, the 
builder should anticipate whether the 
site might fal J at some fut ure time 1 n tlit* 
shadow of a -nearby high ris^ c<jn«-»truc- 
tic or a growth of trees on acljijShiriK 
land. Such cuiitiideratioiui. #s well #k 
those? of cost an d technological limita- 
tion* suggest that solar space heating in 
filiations art 1 berst suited fur residential 
or small comriiercial buildings?* in rural t>r 
suburban are£M, flnd not yet lor densely 
populated hip ilae iniier afma 
Domestic hot water systems. t>y contrast, 
are both rnort coinpact cunt t*lte«j* 

live, allowing a greater flcxihilit > tjiin 
st^lla titjn and application , 

AVhile cliyiate aand site- vvili in., t t « ». , i 
feet cm the' percent age tjf ^*4ui » pa*. » 
heating designed for, the i y\>c of b> tiding 
construction will have a bearing «n the 
most suitable solar design . Unfortunately 
for the hurlder the sun cannot be? 



? hi rue <i 
m t her- 



on or off at will in any c limate fh 
in^l storage of solar radifcitioii will ht $ 
feature of all beat ing systems iiitt? nu^d t u 



carry through night-time hours and 
period^ of eloudinpss, ^hernial storage 
depends on mass\ln stone, cemen t block, 
concrete c*i adobt structureSj mom u^sfial 
thermal storage is already in thegtruc* 
ttire. This mass is particularly effective 
in smoothing out variations in inside' 
- temperature at locations where the arn- 
hjent day-night temp€ratur€ etangeSare 
large, Building mass is also adwi* 
tageous foi stori ng solar eneigy- whicki en- 
ters the structure through ^wirido^vs. 

In the Pacific Region the majority of 
residential building construction is of the 
frame type— and mottle homes can be 
included here— in whith the structure 
contains relatively little mass. The fcher- 
trial storage in such enteuilding will be 
almost entirely the! associated with the 
active solar heating system, As & vv^ater 
storage tank or rock hed, it will usually 
be insulated from-the living sp^ce so that 
heat stored in it can be distributed ac- 
cord ing to demand. To some extent, the 
design of active solar heating systems 
and of conventional system^ jj con- 
ditioned try the economics of lightweight 
building practices and the need to m ain- 
tein even temperatures within a stiuc- 
turn J envelope that provides little ther* 
ma I flywheel effect of its own. 

The first consideration in the tiler- 
n»al design of a building is to minimize 
the jesting load. For & email, single- 
story, well -insulated building, th« t Jier- 
rraal load ought to be in the lange of 8-10 
BTl J per degree day. per square foot of 
flour area,* The major contributors to 
building thermal load are thermal con 
due Lion through the materials eomprig 
iug the outer fa trie, and the energy re - 
quired to Heat the outside air ^which in - 
filtrates the building through cracks, 

'D*laii#d methods *A calculating hi«t io«#i (the building 
thermal Iuad) are to be foun^ in tht ASHRAM Handbooks w 
iist«d iri th^ fefeffnceB, A raisrnary of th^ tneChodJ is Co 
bund or* page (5 % below, tor both plarinid hui L dings aii^ ex- 
iHt i rig b uildinp 
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porous walk, open iviridows, a*id doers. 
"The infiltration rate can be effectively 
reduced t>y the uie of ^atherstripping 
arosmd doors arid windows gnd with 
vapor barriers built into walls w ceilings, 
and floors, A permissible infiltration rat£ 
is usually in the range of onehalf to one 
air change per hour. Less than this ^11 
lead to stuffiness in normal living spaces, 
In areas of greater activity such as 
meeting rooms, the infiltration <rate mrill 
have to increased. Adequate insula - 
t\m of doors, walls* floors, and ceilings 
will reduce thermal conduct ion; and [he 
use of double-glazed v^indov^s, storm 
doors, draperiei and insulated window 
covers at night will help conserve the 
pos itive solar gains through sotith -facing 
windows duripg daytime hours- 

T*he importance of ttieatfluad re<Jiu, iu$? 
raeasujes must be stress td. First, they 
are usually mure cost -effective than ac- 
tive solar «h eating. Second, th«? a in* <>* 
^olar collector needed to 4 obtaiiia gHen 
solar heating fraction is directly pmpur 
t ional to the building load r uleTU^ 
storage tanks, and r*n;W bed^ tw upy 
more space willii n & 1> ui I <tu *k t Un run 
ven tiotia 1 tiealiii^ j_vj>1 e*m ^ an o tht* 
denipi should neeh U» huki thb. * Wvi. iut» 
minim And, in s^m e ^ t he &i ,#1 
cjollcctor array might hetfr cm aesthetic 
(juiididcrci lions . Kur these 1 icain'iin uuly 
after the heating lu t *d bar ht'ui ic* iu*ud 

t jy JIu>Jt; tf>r»t Client LU Ui^llI t'Uj ult i 

an Active lie&i ing ^ysU.iu bts u Jii.»ldeied 
Tor handling a portion of *vliut rtuitfina 
Any deaden opliinU all -ui m, udllv In 
valves a t radeo if between cost and pei *f>r 

LMtii u:c At emjUu. point iuc u:*U u j. *ci t\n 
l31aiU:e »liai iuij he tf< lilc^.d h \ t%A\lUi ktl 
more i^.M jlii c Uui > *h * . il i» $ i»i »»- 

cretiBiii^ ;la* >lU U ji »u eji ^ ill t. a* I 
the sttvui,^ in* ill let I h, o tvw i£*3i;*9 ii 
t , Tut? ptrfui *lU*iu:« i j.tiu^U.XJ . It i 
1st v^ith folle CUjJ l lit tu ul i , i cut ci* i *.n 
for Mt±m^le 

For imjst Uk.. .ii ±> • * * 



prdvide for lO0°/6 of the heating require* 
rrient, since collector areas and storage 
volumes needed to collect and t store 
enough 'heat for proloivfed cloudy 
weather would he large and unwieldy. 
Thus ia general, a solar hegtirig system 
shpuld be designed with a full capacity 
auxiliary heating unit for periods of ex- 
tended cloudiness. This applies, in par* 
ticuiar, to northern areas where interior 
temperatures must he mahjlained in or- 
der to protect %vater lines. Where the 
'* sol'ar heating system is thd primary one, 
the tise of an efficient v^ood-hurning 
space heater has appealed to' many as 
wood is a relatively inexpensive energy 
source in riany locations and is easily 
stored! It is a renewable resource as 
well— hein^ in fact, a form of stored 
solar energy. 

Once the type of solar -heating system 
has been decided ori, questions of main- 
tenance and lifetime should have a direct 
hearing on the selection and const ruction 
of the system components. Solar equip- 
hi en t can represent from 545% of the 
building: cost and, thereto re, must have a 
lifttiiue of 15 30 years to warrant the in 
vestiiimt 'Hi* designer should p^v par- 
lunl^r a tteiitiuii to potential problems in 
the follLFWiiifi artrHhi 

• Accessibility to glazed area», fluid 
lilies, vvattr slujdge taufcs 

♦ lilt ia virile t degr ^d itt i .ii an cl 

t'^cefl, £iiud (tinted t>ianc*it?« 

.t'urro&iuii m liquid systeiiia 

li. the ct*st of a i:oiiiplt2X »ular iiL,4 (Ui^ 

Mem, the ai/ia tear is advised to be very 
■'*;11 int« >nijcd ui U> «e^k the service ut n 
it^Ubt dlcAiit wiih e\ ^mt'kik ie in tlie lie lei 
bfcflurt'CCiin AiiUiu 4 hliiiaelll, ^ maj./riii 
vt3.ili*icul in euklitiun, he mil/ Ai> vvell to 
heave a fi,u*k talk with th^'u^h^r xerfi 
dent uf a ^ Jar heated ldin^ Most 
peop u L*>v 4 >lveil in li^ius ^l^r ene i^y are 
vtfiy vul ling tu talk over pn*hleiim and 
nliuftf th tir lulu ^ leii^c 
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IV. Cost EffeotiTenes 

The do-it-yourself homeowner can 
build a greenhouse for jas 'little as 52.50 
per square foot - A lean-to greenhouse an 

0 sout h-fscirig %val 1 will provide a signifi- 
cant quafttity of heat for the adjacent 
house, THs sort of system may not afford 
a very hi^h^egree of temperature control 
or storage but is, at the present time, a 
very economical way to trap fairly large 
quantities nf »olar radiation for s pa^?e 
heating purposes, and the construction 
techniques artf wit Kin the rdnpe of 
anyone mod era tely skill ed in ca rpentry 

The installation costs* of active solar 
heating systems are relatively high but 
allow greater flexibility ut' teiupertaiiiTt 
control, Valuta uf ;$2() $!$0jjt'r squHrf Iot»t 
v »t n> ll£ «.'lt> r «rU e a art 1 l uiiin »i»n K»i 
prules^iux lal Uu^ldl Jul luu the ei Mr* a* 
t ivtf hunting &vf»tri*i Un Iuju^c nm\ .u^i 
from J$2,(XX) u> SJlj.Ox) at tlu- prt^efit 

tilUt M^ltiS pi Oti LH t lwll u Jut liakMlH^I 

corripe tit ion she mU 1 h riu t tu* < i u 
HomewhAt in the- tut ii«t~ ,nul d^u 
vouLselt iiifttall *ttu 1,1. \a ill n-uiu . I *r 

permit u u ^.'oii \Uf J \ c*p«. » il i( ^ uifM . *.\t>l 
tall bo nit . vrtiiferfc la Utl ' * t*=?ii * lie * * iUm! 
above H<)Wr\trj i if i tht* i t nrir l u>{ m n 

pei fui nlfcl IUf <, I1.1JH1 It; I I t Lm ,i u ^t il 
tifh 116^31 ct t ila pi t;.H'i*l t In m - 

I lie liu*j»»l .»iu-u 111 »i. I 1 ». • 

1 I xAck 1| (lit A'unn •■ 111: til 11 (l( »■ .'1 
ctUll lUe l Utlli.; i,l , lie hcl^Bv. \ l t 
the .h*1(U" luiilUi^ „' I . *" i'uii.^ K a j 

t it i t ) t it <h1 litVtiuJt' On^nii.-t ulM) „r< * iiui 

fill Uj* «Jl u till i 41 1 L'll t-''U4 i.> t i *U 1 ii jU4 X 1 

I W; i .1 \ t.Ul h H.H 1 U 1 ' 1 c 1 1 * i * . i 1 I 4 A I 1 1 , , 

t ht J I i » »1 .1 ?.* »l In 11(1 .% h i tht 1 I 
1 1 1^ I. i 11 t 1 1 \ 



The annual capital ffted charge rate is 
simply, the value of the capital to the in- 
dividual. It may be the interest rate that 
the capital would be earning if it were in- 
vested rather than used to install the 
solar ktfating system, or it may be the an- 
nual cost of a loan made to finance the 
system installation. For example, the an- 
nual fixed charge rate of ah eight percent 
twenty-year loan is 0. 1004, as determined 
from banker's tables or formulas, 

The annual energy delivered by a 
"standard" active liquid ,or air space 
heating system can be estimated from 
the data presented IB the table on page 
10 for 18 cities in the region. It will he 
noticed that t he smaller the solar heating 
My^tem, the nioie heat it will deliver per 
square iuut of collector, largely because 
t he smaller sysHrri will be running at full 
rapacity more of the ti int. 

A hciiiipltr calculation will help il 
initiate the use of the formula In the 
.-ample, let the following assumpiiuib be 
inadt-*. 

• Hi.u u! lii^UilUii t ill -Mo t>ci 

^qaait: hnd uf c>4le«/Uh 1 his is a 
i an I \ h w f\fr\i re h fi m \ acii ^ t i e in 

- Aiiiiual capital llA^tl chalet rate at 

0 10 representing a ^0 vear loan at 

liiteie^t 

. ()pixatii^ u.tii til 1 1 lulu t. uiul kQpalt 
I'a-M^ tii 2\ [mm \caxol u.italUd ( * t 

AllA.litllvAtt'fi U. It • * * 1 l« 4 1 1 »• f i .4 » 

In til ln^ n\ .ii i-w. vtpiul lv ■ i ti2 i>(H) hill 

per vear per st^iar^ioot of collector 

uu;n u tl^un ll-iut i 4} ii chants thtrttn 
t i s 1 } . , . t . d be; * i il iili.iilf u( d fit) 't h J.a^v. 

LftUi*ifi s\ ftLtiii in 1 Ai.i^t lt-s, 

( 111 w i U 14 

1 i f I 4 J 1 1 1 I I , , 1 - i . . . I . 
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we obtain 
i 

= SI 1.1 1 per million HTU for the cost of solar heat. 

* <# 

How does this hypothetical figure com ■ 
pare with competing energy sources? 
Natural gas and electricity costs vary 
widely throughout the country hut, at 
present, they are generally lower. For ex - 
ample, if natural gas is $1.50 per 1,000 
standard cubic feet and is burned in a 
furnace at 60% efficiency, then the 
delivered cost of heat is roughly $2.50 per 
million BTU. If electricity costs 3,54 per 
kilowatt hour, then the cost of electrical 
resistance heating is $10.25 per million 
BTU. 

I n m h n y i uM hi i c e> ^ oUi r he « 1 1 1 i ^ 
systems of the acti ve type are not n un 
petitive with natural ga^a* they art- with 
propane ur eleetrk re-M^Uunt: heating 
systems, However, natural ^i^ i > nut 

available 111 nun i\ fiied^ and In bt ( i.iiiilii^ 
rM'arct* in * »t hern i vi lacing 1 1* ii^t ci.^ci^iMii 

pe t l II ^ H It VI VI i\[ 1 V V t 11 r i huUl t t It i ^ 
rea?*<)i la l)lt lu tihciiiiiit. that the u£ all 

sources nf fu^il «.i it- 1 £ . v% i li n.-u- Hit un 
c l; I t ti 1 1 1 1 \ l a t.) \ in. j u * U c h ll*la 
perhaps I., t h , n.,M i «n pell <u j;a 
1 1 i €- 1 1 1 In fax. a oI >uIcU In; at^Ul^ - 

Flu t<a' in alii gb en til)i>\ e dc >t*.*< . . . < i . »i. 
Into HCCdlllll d 1 1 U lil lf>tf r ift utlUi i U, 

rtllil' I ll I lull^ \A t iU !i t uii tiltfi t Iltr \ \ 1 1. 
OiM* I hf i.t'l !«.;«.. M til I 1 IV he ..llrtl lt.I.i 

t U HI* * £i n lu t it hri j » ».* ■ 1 1 1 c * i i a t h . 

cillil ill % M\ w uk I In >h ■a'.iit I i -'i^u 

J } jl- v\ j J J ii ozdh im iljl h. . * I 1' i * < 

fausiiwss tli.tn I'or , . i individual So., i- 

positive * Liihlii at iuU, t v tiiiuti Jn l. . 
I C 1 1 1 1 \ I'M < > I K 1 U 1 1 1 a hit 1 » 1 li A \ 1 1 1' » 1 at I * , I 
h\ nltflc in Uiltlul la^ U n "t ih 

tc***?a |>4i \ a .t; at .i li* i ul» 1 4.1 1 1 1 i ^ ■ i t.- *■ »a 4 
t f tic* 1 1 4 1 lil . diM t i 'X t 1 1 i a i I # li. • 1 . i ■ •> 

k 1 l* p I e I 1 .4 I 1 ■ * i i i t 4 u ( i.i*i » i") . u 1 1 

ne^utlw:' i 1 1 1 1 m ! . 1 .: i 1 1 iii'iii' ill pi. i I la,-* 

ev til u&it 1» ll.c M/lm UlM ilh.li < » m.l 

t he ti hi lit \ 1 1. i ii ill i. i tin i » i • h 

A a it 1 1 lull Ml l li lh «i i a . , i i * , 

. .«^t at a 1 a i fit at b •» , ^ i !■ I al !< * >. . ,« 
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include a forecast of the annual increase 
* in conventional fuel costs is the 
nomograph on plage With it, one 
can select a hre^-even time for the solar 
. heating system, the type and cost of con- 
ventional fuel with the forecasted annual 
increase, and the energy output of the 
solar heating system, From these figures, 
one can derive what the system must cost 
in order to provide t he desjred breakeven 
time. An, example is plotted on the 
nomograph by the dotted line, 

• The solar heating system is to break 
even at ten years, 

• Klectricity is assumed to be priced at' 
2A& per kUowatt hour, with an 8% 
annual increase. 

• Useful solar energy is assumed to he 
120, 000 BTU/yr per square foot of 
collector area . 

• The o )st of linn lev in aHhUiried to he 

» l iie Hidai hcatlli^ t t'Ui main 

ten a nee cuht assumeci to be 1% = 

I nan the^e tiKUreH une derives a $10 
j,d square foot system cust gual on the 
in.na.»giaph Tlu: nuino^iaph is intended 
to he only illuhtiati ve ot the role ot the 
\aiii)iih lunth. prites, and performance 
Itntorh i tint dcterinliic the economics of 
Miihu herttiiiM a tid .diould be used 

an onnngly 

'1* n>(.. li.i.. i £Y ( ..^irrvt'il • . I > • ■ . l.i.. . I . . ' v tl 

Mif BuiiiiM#4 : ' XiSA qau.ed by \ l> MA/i tk .n S 4a, 

Kiiti^> "l'hf tliAlimk ti»f VVi.ies^rtaj i \. iiiiu«?r OttliifllUW "I 
Nilnf HcthLIim mxh C >W>.* KKl M . 
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Annual Energy Delivered toy a 
Space Heating Solar Energy System* 

Annual net energy delivered per 
square foot* of collector, in 
millions of BTlI/year ft? 

Solar Heating 
Fraction 
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25% 50% 75% 



Site 
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0,104 (1078 

0.1O7 0.OB0 

0.090 0.062 
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l<tsfi lU .f Pb d based on .li* nUhly Solar Ua J Ratio method-— a/i explariatiwt of which 
,, T . K1I ., „ u prt|( e f,9 [in a 4 .u cn(h hot walerHyitem is added loespice heatinK nysterfl. an 
dmfiud uii W 6fc then the diluvial energy delivered may be* lubut initially inOTflMrd 
Mncethf vilar cnilK-t.^are In me year arounf?. In one ejn mp!e < for Albuquwque. NM ) the 
weld nu.ta^d m.ui i) t'lh u. U 281 tfiiUluii BTU/yr-fu? Jn another example (tor 
Madi...iii A' Si th«yuld»u iiica*»d fWp 134 K.O 180 fmiliuri BTUy r ft,' Fh«M? result* 



V. (Solar Space Heating, Active Systems 



Flat Plate Collectors. A flat surface 
painted black, encftsed in a glazed box, 
and o^Jeoted and tilted properly in rela- 
tion toH^^iian will trap a considerable 
amount of solar radiation. But solar 
collectors must do more than collect, 
They must also move t he heat out of the 
collector; anflf it is the nature of this heat 
transfer function, and specifically 
whether t he heat transfer medium is air 
or a liquid, that will dictate the form of 
much of the remainder uf the heating 
system. 

All of the collector types shown on t his 
page, with one exception, use black 
painted metal as the collector surface to 
absorb the solar radiation In liquid 
collectors, the heat is removed fro in the 
surface a liquid pumped through 
tubes or ducts attached to the surface or 
drihbled down corrugated metal troughs 
Similarly in air collectors, the air is 
blown across the collector surface <?r 
through laiuii latiouti ut metal ^ui/.t' 

At t her W>w t empe ici tinea used tur hp tl » c 
heating dijiiiebtu wat ci* heating flat 
plate ct/Ilci, turh of euliti l >pe, liquid or 
air, Wupk with itraMu iahlc efficiency and 
are relativ ely tdsv tu coumI ruct Coiivci 
t ive l osses are easilv reduced by ti 
transparent cover, usually une ui 
hi vers ( >t ^Ih^n . aiid L'Oiuiiiclioii U-n^t?" 
through the I'ollcCh n bac k and Mdes cai i 
\)v i lit down by iiihilluting i ht'Mt gtfTftu 
It intAy bt ol to reduce 1 tad igtl ion I Oast**' 
by means of a select ive coat ing tin the ah 
s*oi btJi ftUilatfe* tbttt 1^ a ^otatin^ Willi u 
high it h»Orp tu ii*.. v h>i llie aula! ^pevtiuui 
and ti low emiltamt- Un die \i A td iu 
i mi kit lot i ^|>ec truiii 

( \dlt*t" ti>r et tu U.Ni* . . 

i lit* rat i<> of \ ie*tt renivj ed i 
U>r by t lit htftt t transit i 
c<»Ilectt»r co^laiit di\idtrd i 
3*)l a r 1 1 * d l fi pi u 1 1 Nti ^iii^U 
results, however an the ratio 
dent a \cirleb i;t luiuilticii 
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coolant temperature and flow rate, th|* 
magnitude and angle of incident solar 
radiation, and the wind velocity. It is also 
dependent on the design parameters of 
the collector itself. 

But collector efficiency can be 
calculated by performing a detailed heat 
balance on the absorber surface and on 
each sheet of glazing, which will account 
for solar and infrared absorption and 
radiation, convection, and conduction # * % 
heat flows, Collector efficiency for one set , 
of conditions is shown on page 12, It is 
convenient to plot efficiency as a func- 
tion of the parameter aT/I: 

i 

Average Collector Ambient 
Surf ace Temperat ure J T emperature 
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Reflectors. The amount of solar radia* 
tion striking a col lector surface can be 
considerably increased by reflectors, 
thereby allowing one to reduce the size of 
the collector array, An area of white 
gravel in front of a collector, for example, 
will reflect a certain amount of radiation 
into the collector, as will snow, though 
more diffusely than sheet aluminum, or 
mirrored surfaces that can be mounted 
eii movable panels . 

Recent analysis indicates that the 
potential advantage of reflectors is sub- 
stantial. A vertical solar collector with a 
horizontal reflector in front of it should 
perform substantially better than the 
same collector tilted at the optimum 
angle without a reflector In addition, the 
seasonal variation in solar radiation inci 
dent on the collector is completely 
(hanged with n reflector 

Heat Transfer, Colled tu biuiagt 
The most desirable medium to transfei 
heat from the collector tiurtacc to the 
heat stnr> at ea would be uilfc ihut \& 
stable, non freezing nun bnilin M m n 
lorrosixe, nun flammable inexptiibix e 

hijii Vl*=u nib liUll (*»aU n,*n ciirl^v In 

tensive, and ^nt h a high ..peril u heat ,nul 
thermal fefmduct i\ it v Air satisfies all 
these i e 4 nilremtfii is ex* 'pi the » iu 

dilti fuiiior lt'akr? utiliftt^itJ ihtJon cnl. i.t . t 
Water has i nan v dtrM ruble c tiara i 

UniHtk^ u."> Will Hum e\ ti it htt /<e>> txl 

relative! l.l^h tt.iupci'ctluii [ ijoihi at u 

I e I at lvt 1 lit v. uiit a n J tun t ,i *• t. 
pintdtliin 1th oiluii >ii i i\ t: /. i , ^ t ui 
occur ill ai .noht ill taretiNoI ihe i r^i^i . sinl 

pi u \ 1 ^1 v a I »\ 1 i * M i 1 1 1 > C i i i a i 1 C 1 •! t 1 i l l i U V t 1 1 1 1 1 

areas where freezing is iid're*jwejn or tx 

veptUiidl ( .dli-i I n|*n u.ii be ili.-t4lj4.iCt J 1 
tl i a 1 j i c\ t . 1 1 ^ ( i ( w i hiM.^u f t 1 j t U » , 

peral ».rt- irtyjin i v I s d' eeiUUii p<>, a w. 

the v 4 tin he designed ^ It h Ci id* n( 
pdhsu^fch 1 1 i£t t . iii tolcicil. ihe t Apuiu i u 
caused h ti c< Simile* l> pmU *. li.#ii 

d^HlliM h*. 1 1 1 1 1 ^ i at i in- |>n \ id* I In tii c i iii 
liig the i «>llc4 1< i h n in j,i <, t -^u. Uj 1 1< 
pi Uiil hi ,lg iA the f» li lil Aild i nl'lu.iU..l n 



serious problem, can be dealt with in a 
variety of ways usirig special materials 
and techniques, 



FLAT PLATE SOLAR COLLECTOR PERFORMANCE MAP 



Good flat black paint 098 0.89 = 
< Selective surface -030 QIC 



I*300Btu/h ft; 
T n „K lint *40*F 




f 

I v Br u /h ft! 




Many different liquids have been tried, 
but all have b#ert found deficient in some 
category, Ethylene glycol/water mixtures 
are now in common use, but like other 
fluids besides water, require a heat ex- 
changer between the collector coolant 
circuit and the heat storage water tank. 
They also require corrosion protection. 
Expense is an additional factor to be con- 
sidered as the volume of a typical liquid 



collector of 500 square feet plus the pip- 
ing to and from storage can amount ta as 
much* as 30 gallons. Toxicity is of par- 
ticular importance when a/ system tji- 
eludes domestic hot water heating. LASL 
is currently 4 evaluating a number of 
fluids, among which a class of light 
paraffinic oils show promise A summary 
of the characteristics of collector coolants 
is presented below. 



COLLECTOR COOLANT CHARACTERISTICS 



9 



Air 



Freezing Point 
Pour Point 
Boiling Point 
<(o> Mm. Presaj 
Corrosion 
Fluid Stability 
Flash Point 

Bulk Com f$/ual> 
Thermal Conductivity 
(BTU/HR g Fca KX)°F) 
Heat Capaci ty 
{RTV/LR *F(a ii*rp) 
Viscosity 

(Lft/TT Hhc« Iimj m 

■Require* an isolated t*^au 
tiun 
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Thermia 15 
Paraffinic 
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' Heat Storage and Distribution for 
Liquid Systems. The common thermal 
storage medium for liquid systems is 
water, usually held in a large basement 
tank and insulated from the living space 
pf the building. The size of the tank is 
directly proportional to the collector area 
for- the percentage of solar heating 
desired, For example, a system designed 
to supply 15% of the heating load of a 
15,000 BTU/degree % day house in Med- 
ford, Oregon, would" have a tank capacity 
of 1 ,680 gallons which would nold enough 
heat to carry over approximately 22 
hours, If wat^r is *the heat transfer 
medium, the storage tank water will be 
heated directly, and indirectly through a 
heat exchanger if other fluids are used. 
The heat exchanger can he as simple as a 
coiled sectioji of tubing, usually copper, 
in mourned in the storage tank water or 
wrapped around the external hUiface of 
the tank; or it may be an external heat 
exchanger requiring an extra pump tu 
move the tank water through the ex 
changer. 

I f I ord e I lu 1 1 ci i I 1 v.' i 1 1 1 u l huiu f^Unum 
tu the building, heated water 1^ Humprd 
hum the.lup ul I he aluia^c t«uk ihiuu^h 
d second (liquid to all) heai hansel tx 
tinned tube cull \nci v\ hu |i i?, blown i u. >1 

letUIIl cUl d ta w ii tluUl the ll\ nj.rtcc 

The air re enters the lismg^paee tnrough 

re^l^tet^ hliuwn In tht dia^iuiii mi page 
15 Alternately the heal « an bt di^ 

t riliiltrd l.O tht' U ..pa* v i.Hli} . wii»cu 

Uunal per Hue ici n iiM'U.fits tltliuugl. 

lintitilh at nwliiC .1. iii p<= i l u. . (i tun < A 

radiant htat di^I lib. , t U i\ n\.-.li'in im.ld 
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Oregon, would require a rock bin of 700 
cubic feet, containing 32 tons of rocks. 
Problems of leakage and accessibility are 
not nearly as critical with rock beds as 
with water storage tanks, and they do not 
require maintenance. Rock beds are ef- 
ficient heat transfer devices. The air 
gives up its heat quickly by flowing 
through the labyrinthine . paths; as a 
result, the rocks near the air entry end of 
the rock bed can be at quite different 
temperatures than those near the exit 
end. This makes for a certain respon- 
siveness in retrieving stored heat and 
compensates to a great degree for the one 
disadvantage air has as a heat transfer 
media m— its low heat-transfer coef- 
ficient . 

An air system, of course, does not re- 
quire heat exchangers of the sort used in 
liquid systems except in cases where 
domestic hot water is tu be heated or" 
preheated. For space heating, the hot air 
from the collector is blown directly into 
the living space; or for storage, into the 
rock bin as in the diagram on page 15, lif 
terms of mechanical assistance, an active 
air system requires only one fan and two 
double dampers As goon as the collector 
temperature exceeds the ruck bed exit 
temperature (left bide), >the collector 
I unit* on (blwwer un) wirti damper C in 
the position shown. If the living space re 
qwireh heat, damper H is in the position 
nhowii When there Is surplus heat from 
tht; collector damper H moves lu ius up 
pel position diiectlli^ the heat Into tile 
iuU bed V\ hen heal lis needed tiuiii 
htm age at night ui during cloudy periods, 
dampen H I villains In the position shuWil 
xa ith damptji ( in it? upper position Thiri 
l#luw.-i all thruu^h the rut k bed lh the 
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ifiuoMii^ heat frun. the \s min (right) .side 
i/l (lit m, k bid fii.-st An auxiliary fur 
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Liquid or. Air? In terms* of perfor- 
mance there is little to choose from bet- 
ween liquid and air systems (Graph/ 
below), based on the nominal parameters 
selected for the two "standard" systems. 
One could change the parameters 
slightly to give a small performance edge 
to either system, but the actual choice 
between competii^ design ^concepts will 
more likely reste€n considerations othey 
than those of performance alone, 

Air systems may offer cost advantages 
in new installations' by virtue of their 
greater simplicity and will probably be 
cheaper to service and repair, Unlike li- 
quid systems, thgy need not be entirely 
leak-proof and there are no problems of 
liquid degradation or corrosion. 

On the other hand, air ducts and rock 
beds are bulkier than pipes and water 
tanks and so may not be as adaptable to 
retrofit situations as the components of a 
liquid system, A 1,680 gallon water tank 
of 224 cubic feet, for example, will store, 
as much heat as a 7 foot by 10 foot by 10 
foot rock bed of 700 cubic feet. 
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Liquid systems offer advantages in 
terms of integrating domestic hot water 
heaters and are, at the present time, 
more adaptable for solar cooling, In addi- 
tion, because they have received greater 
- attention by designers and by industry 
during the recent rebirth of interest in 
solar energy, liquid system components 
are currently more readily available. 
However, air-heating collectors and rock 
beds were among the earliest systems 
built, and they can be expected , to 
proliferate as their good performance 
characteristics become' more widely 
known. 

Heat Pump Auxiliary, A heat pump 
auxiliary can be used to improve the per^ 
formance of either a liquid or air system 
but adds complexity and expense. A heat 
pwrnp works on the principal of the 
household rehlgeiatui or air conditioiiei 
and consists ut the same cum 
punents an electric motor, compressor 
and a closed loop of a vapor that is purn 
ped through cycles of condensation and 
evaporation Essentially a heat pump 



transfers thermal energy from a low tem- 
perature region to a higher temperature 
region using an electric motor, 

In its solar heating application (see 
Diagram, below), low-temperature solar 
4ieat is applied to one side of the heat 
pump system and causes the condensed 
vapor to evaporate. The compressor then 
raises the pressure and temperature of 
the vapor which, when next condensed, 
gives off heat at a higher temperature 
than was provided . When the tem- 
perature difference is less than 30-40° F, a 
good heat pump can provide around 3 
BTU of heat at a high temperature (160^ 
1S0°F) for every. BTUof energy the com- 
pressor uses— and thus has a coefficient 
of performance (COP) of 3. 

The use of a heat pump is 1 particularly 
attractive in a situation where summer 
cooling of a building would normally he 
handled by a conventional air- 
conditioner. In its place, a reversible air- 
conditioner can he installed at a small 
additional cost to function as a heat 
puiiip during the winter heating months. 
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Design Parameters for Liquid Systems 



Standard Liquid System, In order to 
determine the quantitative effect of any 
one component or feature of a solar 
heating system on the performance of the 
<whoie, it is first necessary to establish the 
design parameters for a reasonably good 
system consistent with cost and the pre- 



sent state of the art, Current design prac* 
tices and manufacturing processes in* 
dicate what is possible, and within these 
conditions one can determine quan- 
titatively the fafige of performance and 
the cost effective optimum within that 
range. 



THE STANDARD LIQUID SYSTEM 

Values of parameters used for the "standard" solar heating system using liquid heating 
solar collectors, a heat exchanger, water tank thermal storage, and forced air heat dis* 
tribution system to the building. The values are normalized to one square foot of collector 
(ftj). 



PARAMETER; 



SoUr Collector 



NOMINAL VALUE; 



l. Orientation 

2- Tiit (from horizontal) 

3, Number of glazings 

4, Glass transmisisivit> iatiujuyui in^ideii. 

5, Surface absorptance (solar) 

6, Surface imiUance (Ifi) 

7 Coolant flow rate x speuUit heai tl .,uiB 

8, Heat transfer coefficient tu Uqu id 
coolant 

9. Back insulaiiviXi \; 
lO. Heat capacity 



Due south 
Latitude * 10* 
1 

0 (6% absorption rttlection) 

0.9S 

0,89 

20 BTU/hr *F ftf** 
^0 BTU/hr S F ft* 

0 083 BTU/hi 

1 BTU/hr § F ft! 
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The "standard" liquid system, whose 
parameters are listed on page 17 ? repre- 
sents a good average solar heating system 
of its type, It consisti of a metal flat plate 
collector, a water storage tank, a heit ex- 
changer, and forced air distribution to 
the living space. The design parameters 
for these components and othef features 
of the system were selected by meanl of 
computer simulations in which each 
parameter was varied singly in order to 
obtain a value for which the solar perfor- 
mance is optimized or nearly optimized, 

Given, then, the nominal standard li- 
quid system as a whole, one can proceed 
to vary each one of the parameters singly 
through simulated yearly heating loads 
based on actual weather data in order to 
determine the effect of such variations on 
the performance of the system. 

This has been done for each design 
parameter fur Seattle, Washington , 
Medford, Oregon; Fresno and Santa 
Maria/ California; Phoenix, Arizona; and 
Bismarck, North Dakota, fur "solar 
heating design yeais " The dcbign yeai 
for each city was established by running 
hour by hour simulation analyses on 10 
to 12 years of data for each of the < itie^ 
The design year fui each is the ye^r thac 
most closely corresponds to the £i'uup 
average in tfci uia ot the muIu * heating fie*r 
tkm. The design years Liu; decree day 
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values and solar radiation data for these 
design years are shown in the tables 
following, 

Each parameter variation was done for 
two different building loads which wbtb 
selected to give 75% and 40% solar 
heating fractions for the nominal values 
of the parameters. Collector size, an im- 
portant parameter, is treated separately 
in the section beginning on page 52. 

For eath calculation, only trie 
parameter under study was varied; 
t herefore all of the complex system in- 
teractions which result from changing 
that parameter have been taken into ac* 
~feount. 

The results of these calculations are in* 
tended to give information on trends of 
solar performance as a function of 
parametric variation, rather then be 
taken as absolute results, No actual solar 
heating system will perform exactly as 
predicted, Furthermore, as the design 
parameters were varied singly to deter- 
mine their individual effect on trie 
overall performance of tihe system, care 
should he used in simultaneously varying 
two or more parameters, since some of 
them may be coupled non-1 inearly . If 
one simultaneously varies two or more 
design parameters to any significant ex- 
tent, it may he that the net change in 
performance (compared to the standard 
system) will be different than the perfor- 
inance estimuted by changing the 
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iuSly and adding up 
1M changes. A separate 
comimter siitolation may be needed far 

prediction for 

this ease. 

The results of the computer Simula* 
tions are to be found below in two forma, 
first, . in summary form for each 
parameter; and, second, in detail, with 
the results plotted on graphs, 

Since there are twelve curves on some 
of the graphs, that is, two curves for each 
of the six cities, one for the nominal 75% 
solar heating system and one for the 40% 
system, their order from top to bottom on 
the graph is indicated by the order of the 
list of cities on the graphs. For example, 
if the first city listed is "MD," then the 
top curve of the set is for Medford, and so 
forth. Fifteen parameters have been 
studied for the standard liquid system. 
Parameters one through six and nine are 
the same as for the standard air system, a 
diacussiSfi of which begins on page 45, 

In brief, the effects of changes in 
design parameters for the standard liquid 
system can be summarized as follows, 

1, Collector Orientation: Optimum 
orientation is usually due south. 
Variations east or west of up to 30 s 
reduce performance by only 2,4%* 
to 5%, but larger variations can t 

, , reduce performance substantially, ^ 
(Same for standard air system.) 

2, Collector Tilt: The optimum tilt 
angle will range from latitude plus 
10° up to latitude plus 25°, 
depending on climate. Like orien- 
tation, small variations from the 
optimum have a small effect* 
Variations of more than about 20° 
can substantially reduce perfor- 
mance, (Same for standard air 
system t ) 

3, Number of Glazings: 

Justification of the extra cost of 
double glazing will depend on 
~ climate. Collector area can be 



reduced by^only 5% by the use of 
double glazing in Phoenix but by 
V 25% in Bismarck; (Same for stan- 
dard air system*) 

4. Collector Glass Transmissivity: 
Improving glass transmissivity by 

* 6% by the use - of "water whitie 1 ' " 
glass should increase the annual 
solar heat collected by 2% to 5%, 
depending on the site. Improving 
transmissivity by reducing glass 
reflectance should have an even 
greater effect. ((Stoma for standard 
air system*) , 

5- Collector Surface Absorptance: 
Surface absorptance should not be 
less thai^0%. (Same for standard 
air systeRj 

6. Collector Surfage Emittance: A 
highly selective surface can reduce 
the required collector area by 15% 
in the warmer climates and by up 
to 38% in the colder climates such 
as Bismarck, Surface durability 
may be a problem, (Same for stan- 
dard air system,) 

7. Collector Coolant Flow Rate: 
Although not a critical design 
parameter, the flow rate should be 
designed to obtain a coolant tern- 
perature rise of about 20° F under 
peak conditiaBS^>. 

8. Collector Heat Transfer Coef- 
ficient: A net effective heat 
transfer coefficient greater than 10 
BTU/hr °F per square foot of 
collector is adequate to achieve 
near maximum performance/ 

9. Collector Back and Side Insula- 
tion: Upvalues of no peater than 
0,1 should be integrated into the 
collector system, (Same for stan- 
dard $ir system,) 

10. Collector Heat Capacity: The 
collector design should 4 minimize 
the mass of metal and the fluid in- 
ventory in the collector, 

11. Distribution Pipe Insulation: 
Collector-to-storage distribution 
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an be kept aocep- 

lulatirig to a U- 

iWW^UJilpK^ *F ft* 
12. ll^iWTrhnnar EffectiveneBy A 

hea t^ransf e^ coefficient of at llast 
10 ^PPlir *F ftf should be 
achieved. 

Thermal Storage Heat Capacity: 

Thermal storage for much more 
than overnight does not improve 
the yearly system performance 
very much, but fairly severe per- 
formance losses are predicted if 
the storage provides less than 10 
iffU/ftf *F (1.2 gal of water/ftl), 
14. Heat Losses From Storage: If the 
storage tank is located within the 



living space* heat losses are far less 
detriinental than if the tank is 
loe^tetfirtesiae the \Mag space, m 
which case losses can be severe 
without substantial insulation. 
15. Deiigta^mtte Tem^aturer As 
the design water temperature is 
decreased, the required air flow in 
the building; is increased with an 
increase also in solar heating per- 
• formance— but at higher capital 
and operating costs. Diatributidn 
by means of baseboard convectors 
is less effective than oy forced air . 
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1. CtoUectorOrientatioii. Aduesouth cities than for the * warmer sovrth^^ ; T 

prientation is near optimum for all six ones, but variations of up to 80° east or 

■ ; I cities studied. The decrease m p^om- west reducr^rformance by only, 2.4% on 

ahce for variations from dtii south is the average, or 5% at the most. '» 
somewhat greater for the colder northerly r 
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Collector Orientation, Degrees 
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2* Collector, Tilt. Collector tilt angle 
is an important design consideration, 
Common practice is-to use a tilt equal to 
the latitude of the site plus 10° or 15°. 
Clearly latitude is important; however, 
the optimum tilt will also be affected by 
the monthly distribution of the heating 
load— whether it is concentrated in a 
short period of two or three months or 
spread out over half the year— and by the 
solar heating fraction. It is important to 
note that the curves have a relatively flat 



. { ..... :*..--,• 
maximum. This means that major devia- 
tions from the optimum tilt have only a 
minor effect on performance. ,•.,,'„ 
' Many other considerations may. play a 
more important role than maximizing 
performance— such as ease of assembly 
and repair, shedding of snow and rain, 
architectural integration, and potential 
overheating problems in summer. A ver- 
tical collector may well be best in some 
situations. . . 
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, 3» Collector Glazing. Collector glid- 
ing serves three functions: (1) it allows 
fpr transmission of solar radiation to the 
collector absorber surface; (2) it reduces 
cohVeetive heat losses to the surrounding 
air; and (8) it absorbs the infrared (long 
wavelength) radiation that would 
otherwise radiate back into the 'flpriron- 
mental from the absorber 3©faee.* At 
least one sheet of glazing is essential in 
space heating and domestic hot water ap- 
plications* while none ijs generally re- 
quired for swimming pool heaters. 
Changing one or another characteristic of 
the glazing produces a net yearly effect 
on performance as the result of com- 
plicated interactions which depend not 
only on the glazing but on the rest of the 
system and its application, which 
together determine the operating regime 
of the collector. Intuitive judgements of 
performance based on collector perform- 
ance charts alone, such as the one given 
on page 12, are often misleading *or 
wrong, as they fail to take into account 
the interaction of all the other factors. In + 
this and the following three §ections, the 
effects of the parameter changes on the 
net yearly performance of space heating 
applications is discussed for the six sites. 

The decision to use one or two sheets of 
glass depends on a trade-off between the 
added cost of the extra sheet and the in- 
crease in performance to be gained. 

The added cost of a second sheet of 
glass will be determined, in part, by 
whether the glass procurement is small or 
large. Cost estimates should include ad- 
ditional parts required by the double- 
glazing, added glass ^installation costs, 
and the additioi^al shipping and collector 
installation crista resulting from the 
heavier' weight of the double-glazed 
collector. Estimates should also factor in 
extra costs associated with replacing 
broken glass, protecting against the 

'This is nut to imply that Fadiation losses from the collector 
are thereby eliminated. Glass has a htgh emittance and thus 
also radiates energy —hut at the tower temperature nf the 
glass, 
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higher operating temperatures to be ex- 
pected during periods when the collector 
is not cooled^ and dealing with the con- 
* densatioh of water vapor inside thr 
collector, , > ' 

The performance to be gained by an 
additional sheet of glass, as sKtewti in the 
taWe below, is predominantly the result 
of the difference in ambient temperature 
at the different sites, ThiS suggests a 
correlation with heating degree-days. In 
the two graphs oh page 25, it can be seen 
that the collector area ratio for a 75% 
solar system correlates well with ■ the 
January degree-days, whereas a 40% 
solar system correlates better with the 
annual degree-days. 

To illustrate how these graphs may be 
used, suppose that a solar heating system 
with single glazing will cost 10% less than 
one using double-glazed collectors. It 
can be seen, then, that it would be more 
economical to install a 75% solar heating 
system with double-glazed collectors at 
sites where the January heating load ex- 
ceeds roughly 650 degree-days, such as 
Medford, Seattle, and Bismarck, and 
more economical to install single-glazed 
collectors in Phoenix, Santa Maria, and 
Fresno. 

Double Glazed 
Collector Area Ratio; ~ ~ T " ^" % 

Single Glazed 



Solar Heating Fraction 75% 40% 



Site 



Phoenix 0.94 0.97 

Santa Maria 0,94 0.94 

Fresno '0.91 0.95 

Medford 086 0.91 

Seattle 0,84 0,88 

Bismarck 0.74 0,85 
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4. Glass Trtnsmissivity, SblSr radia^ 
tioi is diverted itt • tftte ^ collector; gftfein& 
assembly through twa effects. The first is 
the 'reflection of sunlight from the surface 
oithe glass. The secortd is the absorption 
nt solar energy by the gldss itself- In nor^ 
mal window glass; these effects are) 
nearly equal. Reflection is very depen- 
dent on the angle of incidence of the solar 
radiation^ and the absorptanee is also to 
a lesser extent. 

It has beconle custonaary to lump these 
effects into a single variable called "glass 
transmissivity," which is the total energy 



ttansmitted through the gifts® for 
sunlight striltog iipe^ridicularly* Tins 
parameter is relatively easy to measure. 
For standard plate glass, reflection ac- 
counts lor a reduction in transmissivity 
of about 8% and absorption for about 6% 
at normal incidence, resulting in a 
transmissivity of about 86%. 

There are techniques for making glass 
with a total transraissivity in excess of * * 
95%. These involve lowering the iron 
content m order to reduce absorption* 
;and etching the surface to provide a 
, gradation in density in order to reduce 
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JWlSction, etching^ barely visible to 
naked eyeAC<wting8^an also be used 
ta^i!^#t6flection. Low Iron or "white 
glass* is to commercial production at the 
present time,: Low-reflective glass, 
although now also in production, is not 
yet available at prices which would 
Warrants its use in solar collectors. 

The curves on the graphs on pages 26 
and 27 were determined by varying the 
absorption with thi perpendicular reflec- 
tance assumed to be 8%,* They show 



v - . ' : : . A 

that the perfofmanet decrease less 
than the reduction in transmi^sivity, 
principally because energy absorbed in 
thi glass is not lost frrafi the collector— it 
raises the glass temperature and thereby 
reduces the convective and radiative 
losses from the absorber surface. A 1% 
(^crease in glass transn^issivity reduces 
the yearly solar energy collected by 
0-36% to 0,94%, depending on the site, * 
the number of glazings, and the solar 
fraction. 
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§. Collector Surface Absorptance. 
Solar energy that U not absorbed by the 
surface is not available as heat energy in 
the rest of the system. Therefore, collec- 
tor surface absorptance is a very impor- 
tant factor. Nearly all solar collectors are 
painted black, but even among black 
paints there will be variations in ab- 
sorptance from 92% to 98%. The dif- 
ference between these two values can be 
easily discerned by the naked eye. It is 
almost impossible to discern any relief 
variations in a surface with absorptance 
of 98% while it is relatively easy to see 
them On a 92% surface^p any ease, 



collector surface absorptance should not 
be less than 90%. .• > 

It is interesting to note that a one per- 
cent decrease in surface absorptance 
decreases the ovwOTsystern performance 
by only 0.44% to 0.67%. This may be due 
to the fact that with the lower ab- 
sorptance the system runs somewhat 
cooler with correspondingly lower heat 
losses throughout. 

Durability of the surface should be 
considered along with' its absorptance.^ 
Dust or other depositg on the absorber 
surface may reduce its absorptance. 
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6 V C3BI&or Surface Emittance. A 
m^or beat low in flat-plate collectors is 
lg-wave radiation from the collector 
& Nprmal collector coatings have a 
ive hemispheric emittance for 
long-wave or infrared radiation — a 
value pf 0,89 is typical for a good black 
paint vrtth a high absorptance- 

liters has been intense interest in the 
development of "selective sur- 
faces coatings that have a very high 
absorptance for visible and ultraviolet 
solar radiation and a low emittance for 
infrared radiation. Most selective sur- 
faces are either chemical or electro- 
deposited coatings. When deposited over ^ 
a high reflectance substrate, " a thin 
coating of metal oxide is opaque for 
short-wave radiation-r<|pd therefore has 
a high absorpta^ce — *and also 
transparent for infrarec^ radiation." The 
effective emittance of the surface is the 
same as the effective emittance of the • 
substrate, which is low since the sub- 
strate is highly reflective. 

For selective surfaces currently 
available,* effective emittance in the 
range of 0.1 can be obtained with an ab- 
sorptance in the range of 0,95. 

For a single-glazed collector, a sub- 
stantial performance increase can be ob- 
tained by using a highly selective sur- 
face, thereby enabling one to decrease 
the collector area required to achieve a 
given solar fraction. For example, assum- 
ing a single-glazed collector with a selec- 
tive surface with an absorptance of 0.95 
and an emittance of 040 in comparison 
with a collector with a matte black sur- 
face (absorptance, 0.98; emittance, 0.89), 
the collector area of the first in relation 
to the second for two given solar heating 
fractions can be tabulated a§ follows: 



Collector Area Rplios 



Selective Surface 



Matte BUck Surface 

Solar Heating Fraction 76% Wfc 

Site 



Phoenix 


0.84 


0.8S 


Santa Maria 


0.82 


0.82 


Fresno 


0.79 


0,83 


Medford ■ 


0.70 


0,87 


Seattle 


0M 


0.76 


Bismarck 


0.62 


0.73 



In other words, for a 75% Solar heating 
system in Phoenix with a selective sur- 
face, one needs only 84% of the collector 
area required Jot fl iytttltt : iirtthottt a 
selective surface, The fl^urts above were 
taken from detailed simulation analyses. 

In all cases, performfwee was actually 
reduced by the use of double glazing over 
a selective surface compared to single 
glazing oyer the selective surface. One of 
the prinaary benefits of double glazing m 
its absorption of infrared radiation from 
the collector surface. With a selective 
surface, however, this effect is small; and 
the increased absorption and reflection 
caused by the second layer of glass is 
more of a loss than the gain resulting 
from decreased convective losses. 

The figures in the table above show a 
reasonable correlation with heating 
degree-days indicated oij the graphs of 
page 30* The improvement in perfor- 
mance is almost . linear with changes in 
emittance, as can be seen in the graphs 
on pages 81 and 32, 

However, the use of a selective surface 
depends on several other factors besides 
performance* Cost is one, For example, 
assuming the absorptance and emittance 
figures above, a selective .surface 
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January Degree Days 




Annua! Degree Days 



33 



reduce the required Rector area in 
Medford by about 30% over 1 a collector 
with a non-selective surface. The ques- 
tion then becomes* whether an array of 
collectors with a normal black surface 
will cost more than an array of selective- 
surface collectors 30% smaller in area. 
The appearance of the building and the 



availability of roof area may have a bear- 
ing on this choice*' Durability is also a 
factor— some selective surfaces have 
shown a tendency to break down both 
mechanically ancl ■. chea^ally oyer ft 
period of time. Other coatings, notably 
"black chrome, " are relatively stable but 
are expensive. 
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7. Collector Coolant Flow Rote. 

Collector coolant flow rate is important 
in a liquid collector primarily because in- 
creases in the flow rate reduce the collec- 
tor temperature rise which in turn 
reduces the amount of heat lost from the 
collector *for a given inlet fluid tem- 
perature, \ \ 

The curve below is plotted as the func- 
tion of the coolant flow rate in units of 
BTUh/°F ft|, and can thus be used for 
fluids .with different specific heats. For 
example, for water with a specific heat of 
1 BTU per lb, a value of 15 on the plot 
corresponds to 15 Ib/hr, which is equal to 



1.8 gallons of water/hr ft?. A fluid with a 
specific heat of one half that of water 
would require a flow rate of 30 Ib/hr fij. 

The proper choice of coolant flow rate 
will depend on the pressure drop of the 
collector, the viscosity of the fluid, And 
the size and cost of available pumps. 
Although higher coolant flow rates do in- 
crease the performance of the system, 
they also require more energy to pump at 
those rates. Therefore increases in the 
flow rate may not represent a net in= 
crease overall in energy gain or cost sav- 
ings for the system. 
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g. Collector Heat Transfer 
Coefficient, The average collector heat 
transfer coefficient is the effective heat \ 
transfer coefficient between the average ^ 
surface temperature of the collector and 
the average coolant temperature, Due to 
the heat transfer properties of liquids, 
the heat transfer coefficitfm of liquid 
collectors is relatively high. 

Many liquid collectors are designed 
with thin sheets of metal connecting the 



collector tubes, Conduction through this 
metal sheet represents a decrease in the 
effective transfer coefficient of the collec- 
tor, 

It can be seen from the graph below 
that an effective heat transfer coefficient 
greater than 10 BTU/hr Q F per sq ft of 
collector is adequate to achieve near 
maximum performance from the solar 
heating system. 
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9. Collector Back and Side 
Insulation, Heat can be lost from the 
collector surface by conduction through 
the back and sides of the collector hous- 
ing. It is good design practice to insulate 
with the equivalent of three to four 
inches of fiberglass insulation, The graph 
below indicates .that a U-value of 0,1 



should be integrates into the collector 
housing design for good performance, 

If foam insulation is to be used, care 
must be taken to select a type which is 
stable at the maximum temperature 
which the collector may achieve under 
no-flow conditions, Only a few of the 
foam insulation materials are suitable. 
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10, Collector Heat Capacity* A cer- 
tain amount of solar energy is required to 
heat the collector up to operating tem- 
perature every morning— energy that is 
lost to the environment and not 
recovered at the end of the The 
same effect occurs each time the sun goes 
beheld a large cloud apd causes the 
collector temperature to drop below 
storage temperature. 

The major contributor to collector heat 
capacity is the fluid stored in the collec 



tor and the mass of the metal in the 
collector and the collector insulation as 
well as t he mass of all components of the 
heating system that cycle in tem- 
perature. 

The magnitude of heat capacity de- 
pends on collector design, which ought to 
keep the collector mass and fluid inven- 
tory as low as possible, The graph shows 
that collector heat capacity can have a 
major effect in the performance of the 
overall system. 
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11. Distribution Pipe Insulation. 

The plumbing which connects the collec- 
tor array to storage should be insulated, 
Minimizing heat losses from the pipe on 
the hot side of the collector is more im- 
portant than minimizing losses from the 
collector itself, since the hot side piping 
may be the highest temperature of the 
entire system, 

As in the case of other parameters, the 
pipe insulation is put in terms of the total 
insulating characteristics per square foot 
of collector area. Since distribution pipes 



are usually two inches in diameter or 
less, heat losses from them can be kept 
relatively low. Therefore a nominal value 
for distribution pipe heat losses of only 
0.04 BTU/hr/°F sq .ft of collector was 
chosen for the standard system calcula- 
tion. 

In order to use the graph below, it is 
necessary to calculate the total net ther- 
mal loss coefficient of all the distribution 
piping (BTU/hr °P) and divide this by 
the collector area (ft-). 
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12, Heat Exchanger Heat Transfer 
Effectiveness. In the standard liquid 
system, the heat from the collector fluid 
is transferred to the water in the storage 
tank by means of a heat exchanger, A 
common method of implementing this 
heat exchanger is to pump water from 
the bottom' of the storage tank through a 
heat exchanger where it picks up heat 
from the collector coolant and then 
returns the heated water to the top of the 
tank. 

Another possible approach is, instead 
of pumping water out of the storage tank, 
to immerse a heat exchanger or coil of 
tubing near the bottom of the tank and 
rely on natural convection to transfer 
heat from the coil to the storage water, 



A net heat axchanger/heat transfer 
coefficient of at least 10 BTU/hr°F 
should be achieved, as can be seen from 
the graph beltiw, For example, if the total 
amount of energy being* collected at a 
particular time is equal to 100 BTU/hr 
ft?, then the average temperature dif- 
ference between the fluid on one side of 
the heat exchanger and the other should 
be no more than 10°F, 

The use of some collector liquids with 
poor heat transfer characteristics, such 
as paraffinic oils, can result in relatively 
difficult problems in achieving this kind 
of heat exchanger effectiveness, On the 
other hand, water is a relatively good 
heat transfer fluid. 




Heul Lfcchanyer Heat Transfer 
Coefficient (BTU/h a Fft|) 



13. Thermal Storage Heat Capacity. 
A water storage tank for thermal storage 
is considered part of the standard liquid 
system. It provides energy for those times 
when the sun is not shining, The nominal 
thermal storage capacity is 15 BTU/ft? 
°F (1.8 gal of water/ft?). This would be 
sufficient to heat a 75% solar building in 
Medford for 20 hours, assuming an initial 
storage temperature of 150 e F and an out= 
side temperature of 20°F.* After this 
time, heat would continue to be extrac 
ted from storage, but an increasing 
amount of auxiliary heat would be re- 
quiredifo maintain an inside temperature 
of 68° F. 

*The following general formula can be used tu determiiie Uic 
carry through time of storage, i.e., the time elapsed before 
auxiliary heat in needed to prevent the inside temperature 
from dropping; 
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The simulation analysis indicates that 
thermal storage in excess of 15 BTU/ft? 
does not improve the yearly perform- 
ance very much, However, fairly severe 
performance losses are predicted if the, 
storage mass is less than 10 BTU/ft? °F 
(1.2 gal of water/ft?) . This means that the 
primary function of thermal storage is to 
carry over heat from the daytime hours to 
the night, 

Once the minimal storage mass is es- 
tablished, it is relatively inexpensive to 
add extra storage capacity. However, one 
should consider heat losses from storage 
(described in the following section) since 
the increase in heat loss from a larger 
tank may more than offset the gain from 
a larger heat capacity. 

Note that the effect of changing 
hturage mass is strongly location depend 
dent 
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14, Heat Losses From Storage, The 

best location for the heat storage tank is 
within or beneath the space to be heated. 
In this case any heat lost from storage 
simply goes into the heated space, and 
there is no net penalty to the system per- 
formance. But the tank 'should be in^ 
sulated for times when the living space 
does not require heat and when, 
therefore, heat losses from the tank 
would contribute to overheating the 
building, 



Where the storage tank is located out- 
side the living space, heat is lost to en- 
vironment by conduction through the 
tank insulation. Performance degrada- 
tion here can be .very severe. 

In order to use the graph below, it is 
necessary to calculate the surface area of 
the tank, multiply that by the effective 
U-value of the tank insulation, and 
divide by the collector area. The result is 
the storage heat loss coefficient. 
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15/ Design Water Temperature. A 

finned^tube coil is used to transfer heat 
from the storage water tank to the air of 
the living space, The air flow require- 
ment is a function of the design water 
temperature. 

As the design water temperature is 
decreased, the required air flow is in- 
creased, resulting in an increase in solar 
heating system performance hut at 
higher capital and operating costs. 

The building air flow can he deter 
mined from the foil o wing 
equations—where CFM is the cubic feet 
per minute for the building. The building 
load is calculated according to the 
method on page 52. The design ,T U the 
difference between 68° F and the 
minimum outside air temperature for 
which the building heating system 
sized, and T tM ,„ v is the design fair distribu 
tion temperature 

The toil effei't.i\ un-.if i«. i.n \\ KM » 
vsa-^ asoUiiud t*> be 0 HI) 



It is to he noted that a less efficient coil 
would increase the required building air 
flow, while overall system performance is 
only a function of the design water tem- 
perature. 

Calculations were also made with a 
baseboard hot water distribution system. 
Normal baseboard systems are designed 
with inlet water temperatures of 160 to 
200° F. For a solar system, the baseboard 
convectors should be oversized to operate 
at the lower temperatures normally 
available from the thermal storage tank. 

The baseboard curve on the graphs is a 
function of the design water temperature 
needed to meet the load at the design aT. 
At higher outside air temperatures, a 
lower baseboard temperature could 
provide the load, The heat output of the 
baseboard simulation is assumed to vary 
as the L176 power of the water-to-room 
temperature difference and is based on 
the manufacturer's data. 

When the heating load is higher than 
the amount of heat available at the solar 
storage tank temperature, then the 
baseboard system switches to total aux 
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Design Parameters for Air Systems 



The Standard Air System. The 

general remarks concerning the standard 
liquid system, page 17, on the whole ap- 
ply to the standard air system as well. 

The performance simulations were 
based on the same locations and weather 



data, and the same cautions apply in us- 
ing the data presented in the pages that 
follow: they are meant to indicate trends, 
rather than absolute results, and the 
design parameters may he, in some case, 
coupled ndn linearly. 
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The principal difference between H- 
quid and air systems lies in the heat 
transfer medium and the heat storage 
medium. Water storage tanks have been 
used in various heating applications for a 
considerable time, and as a result their 
characteristics are now well known, The 
rock bed, by contrast, is a relatively new 
heat storage device, and the analysis of 
its performance characteristics in the 
pages that follow should be of particular 
interest to the builder, 

The design parameters for the stan- 
dard liquid and air systems, and the ef- 
fects of varying them, are essentially the 
same for both systems except Eur those 
listed below. 

Four parameters 1 are unique u# the 
standard air system They are diacu&sed 
in detail beginning un page 47 , in brief, 
the effect of changing ihem tan ht s>uin 
niarized as follows: 

1 COLLECTOR 11 K A i 1 Ha Niib JbH 
EFFECTIVENESS. t\n important 
design parameter, u should be ap 



proximately 4 BTU/hr/ e F/ftf, or 

greater. 

2. COLLECTOR AIR FLOW RATE: 
A severe performance penalty will 
result at air flow rates below 1 
SCFM/ft?. 

3. THERMAL STORAGE HEAT 
. CAPACITY: As in the case of liquid 

systems, the size of the thermal 
storage heat capacity is not very im- 
portant beyond a value of about 10 
BTU/°F ft?, This corresponds to 48 
lbs of rock/ftf. 

4. ROCK BED TEMPERATURE 
DISTRIBUTION: A rock bed with a 
short air flow path is preferable to 
one with a long flow path for 
pressure drop reasons, but the air 
flow path should remain longer than ■ 
around 12 rock diameters in order to 
take advantage of spatial tem- 
perature distribution benefits. Air 
flow direction should be reversed 
between the charging and discharg- 
ing modes of operation. 



In ib i(£s intern f collector he at trtnafdi 
effectiveness' is so important that the 
builder ought to test the heat transfer 
characteristics of the, collector before 
committing himself to any particular ♦ 
design. Too often systems have beep 
built without adequate collector heat 
transfer. Even with a heat transfer effec- 
tiveness (HA) equal to the nominal value 
of 4 BTU/hr °F per sq ft of collector, the 
net temperature difference between the 
collector surface and the average air tem- 
perature would be 25 0 F, assuming a total 
collected energy of 100 BTU/hr/sfl^V 6 F. 




Collector Heat Transfer Effectiveness 
HA (BTU/hr*Ffti) 



^ tlv«ttM9, i^pl9 heflt ttffiB^ iffie- 
tiveness (HA) is the product of the he^ 
transfer coefficient times the heat 

m transfer area divided by the collector 

■f ■ area. The effective heat transfer area, A, 
cai^ be increased by adding fins or by 

1 making all sides of the flow passage effec- 
tive for heat transfer. And the heat 
transfer coefficient be raised by in- 
creasing the flow velocity and by decreas- 
ing the flow channel jize* 

Note that the variation in HA is made 
assuming that the air flew rate-ie^ons* 
tant at the nominal value of 2 cfm/ft§. 
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% Air Flow Bale, As the nit air flow 
^ratf and heat transfer coefficient are 
proportional and interdependent, the e£ 
feet of the air flow rata is considered in 
two ways in this section. The use of the 
data^resented here will depend on the 
problem the designer is faced 
with— whether, fpf example, he is design* 
ing a collector from scratch or is design- 
ing a fan and duct system already given a 
collector design. 

Collector Heat Transfer Held Con- 
stant: As the air flow decreases, the 
collector increases* and collector ef- 
ficiency decreases. A severe performance 
penalty will result at air flow rates below 
1 SCFM/ftl, 

It is to be noted that the air flow rate is 
varied with the parameter HA held cons- 
tant at a nominal value of 4, Since H is 
jendent on flow rate in a collector of 
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fixed geometry, holding HA constant im- 
plies changing collector geometry as the 
air flow rate is changed* 

Effect of Air Flow Rate, Collector 
Geometry Fixed' In a collector of fixed 
geometry, the heat transfer coefficient H 
is dependent on flow rate. As air flow rate 
is changed, HA varies as (CFM)° 8 for a 
fixed geometry. Thus, for example, to 
ascertain the effect of doubling air flow 
rate through a given collector, one should 
determine the effect of doubling the flow 
rate with heat transfer held eoxy^nt and 
then the effect of increasing heaTOransfer 
by a factor of 2° 8 ^ 1.7 with air flow held 
constant, The net effeWlff both changes 
simultaneously is quite close to the 
product of the two relative 
improvements. 
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3. Effect of Storage Thermal Heat 
Capacity; As us the Jiguid system, the ef- 
fect of vaiyiiig th«nMr*stq|ftge capacity 
is seen to bt quite dependent on the site. 
This is presumably due to the eharae- 
teroticsof the climatt pattern during the 
year which was studied: 

The effect of the mm of the storage 
thermal capacity is not very important 
beyond a ^ue erf about 10 BTU/°F ft s 
eorMsponcIihg to 48 lbs of rock/ft 3 , The 



nomin^ value of 15 BTU/^j ft^coCTei- 
ponds 4g 71 lbs of wokffti* Moat rock has 
a BpedfiHmt Of about 0*21 BTU^b^F, a 
density of ifeetrt-WS lb/ft 1 * and packs 
with a void fraction of about 0.42 if the 
rocks are all roughly the sa 
one should use from 0.50 
rock per ^ft of colled 
three tines as muc 
quired to achieve the sanae heat capacity 
in a water tank. , •• 




e size, Thus 
0,75 eu ft of 
is is roughly 
e as is re- 
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~4i B6dE4i©d T^BipfratiTO Distortbu- ^ 
tioM. A rock bed is an effleient heat 
transfer device. Air quickly gives up its 
heat in flawing through the labyrinthine 
paths among, the rooks. As a result, the 
rocks near the air flSlry and of the bed 
can be at a quite different temperature 
than those near the exit end. 

This time-dependent spatial' tem- 
perature distribution must be accounted 
for in the simulation analysis, A sim- 
plified illustration is given on the plot 
below. It is assumed that the bed is cold 
in the morning, Then as the day 
progresses the temperature of the air 
from the collector rises, peaks at noon, 
and decreases in the afternoon, The 
resulting temperature distributions in 
the rock bed are shown at different times 
during the day, It is to be noted that the 
exit air from the bed is always cool, in- 
dicating that the collector operates at 
high efficiency all day. 

In the evening when the collector is off 
and the building needs heat, the air flow 
direction through the bed is reversed so 
thfit air exits from the hottest part of the 
bed, (If the air flows were not reversed, 
then one would have to wait hours to 
move the heat through the bed and even 
then the air would only be moderately 
warm.) As the evening progresses, the 
temperature of air leaving the bed rises 



^atii€:^0 p*m* amd then fal|a f resembling 
the time profile of the inlet temperature 
, during the days hut in reverse, 

In the simulation analysis, this 
detailed temperature distribution* is 
determined each hour of the year by 
dividing the rock bed into 11 axial zones 
and jby calculating the temperature pl- 
each. The hot side temperature plot on 
page 50 is for the air temperature at the 
bed frontal area corresponding to the 
right hand side of the rock bed shown in 
the diagram on page 15, 

For a fixed bed volume, the length can 
be varied by varying the frontal area. 
Generally speaking s a rock bed which has 
a short air flow path (and a large frontal 
area) is preferable to a ^ed with a long air 
flow path (and small frontal area) 
because of pressure drop considerations. 
If the air flow length is decreased below a 
value of about 12 rock diameters, then a 
performance penalty is incurred because 
the spatial temperature distribution 
benefits described above become ineffec- 
tive, 

Rock bed heat capacity and Ait flow 
rate can be related to parameters of real " 
interest to the builder — rock size, bed 
length, pressure drop — through a perfor- 
mance map, such as the one on page 51, 

In the performance map, the rock bed 
pressure drop and the air pumping * 
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low in the bed are plotted as a 
fimctkm of bed length divide by rock 
diameter. Lines of constant rock 
diameter and of constant 6ed length are,, 
drawn "on this plot. The nominal 
parameters of 2 CFM/Ft§ and 0.75 ft* of 
rock/ftf or 0,75/2 ^ 0.375 ft* pf rock/GFM 
were chosen for the air flow rate arid the 
storage volume to plot these iso value 
lines!* * 

for the case of 6 foot long rock bed (in 
the direction of air flow) and 2 inch rocks, 
the rock bed length to rock dtameter ratio 
is 36 and the pressure drop is 0.0$ in. of 
water, corresponding to a pyniping 
energy loss in* rock bed friction of 0,05 
TBTU/ft|Tir, This number is quite small, 
even after factoring* in fan and motor 
inefficiencies. 

Since the bed length is not important 
beyond a value of about 12 rock 
diameters, the builder has great flex- 
ibility in arranging the rock hed within 
the structure. In considering a mix of 
rock sizes, one should use the smallest 
diameter in the mix to estimate pressure 
drop since small rocks will fill the in- 
terstices between the larger rocks, 
t herebj^increasing the air flow resistance 
of the bed. 

The performance can be used to es- 
timate the pressure drop through any 
rock bed. For example, suppose that one * 
4 had a bed of 4 inch diameter rock 15 feet 
long with a frontal area of 1ft ft* and an 
air flow rate of 530 CFM. The air flow is 
then 530/10 = 53 CFM/ft 3 of frontal area, 

*The heat transfer coefficient and prfisijre drop correlations 
for rock beds were taken from the following reference; R, V, 
D tinkle and W. M. J. Ellul, " Ra rfdoni I Packed Particulate 
H Bed Regenerators and Evaporative CfK>Iers, ! ' Mech, & Cherts 
Eng. Trans. I K. Aust., Vol, MC8, Sa 2 (' 19721 , pp 1 17-121. 
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To obtain this same face velocity for the 
conditions of the performance map, one 
would need a bed length of (53 CFM/ft ? ) 
x (0,75 ft 8 /2 CFM) ^ 30 ft, Reading from 
the map, the pressure drop is b;47'iii* of 
water or 0,0235 in. of watei^ft of length . 
Thus the pressure drop in 15 feet would 
be 0,35 in- of water, 

The press we drop in the above exam- 
ple is somewhat excesgtve. By merely 
changing the bed length to 10 ft and the 
frontal area to 15 ft 2 , the pressure drop 
could be reduced to 0.13 in, of water, 
illustrates the dramatic effect of 



even minor changes in rock bed 
figuration on pressure drop. 
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Collector Size* Active Systei 

Oat of the main purposes of the 
Handbook is to enablethe builder to 
determine the size of the collecior array 
for an active space heating system 
oiywhefe in the Pacific Region, 

There are several factors that will go 
into this calculation, Design is one, and 
has been analysed in various ways in the 
previous section, It need only be noted at 
this point that the charts atod calcula- 
tions otCtbe accompanying pages assume 
tto iesigft to be the standard liquid or ai^ 
space heating system, and that in most 
areas of the region a standard system will 
be used to provide from 25% to 75% of 
the total space heating requirement It is 
considered that 100% spWr heating, 
though feasible in some locations, will 
not bte cost effective for most, The choice, 
then, Of 25%, 50%, and 75% solar heating 
fractions oh the charts and graphs is in- , 
^tended to cover the range most likely to 
be useful to the designer or builfjer. 

Thermal Load. The next important 
factor is building thermal load, which 
must be known in order to use any of the 
accompanying charts or calculations. For 
a small, single story, well insulated 
building, the thermal load should be in 
the range of 8 to 10 BTU per degree-day 
per square foot of floor area, 

For an existing building, the exact load 
can be determined from pa§t monthly 
and annyal heating bills md, degree-day 
values, Fuel consumption corrections 
should be made for fufnace efficiency 
(typically 0.6) and for non ^pace-heating 
energy uses, The latter can he deter- 
mined from Ipmmer fuel bills. 

For a proposed building, the thermal 
load is calculated by adding up the area 
of each type of external building fabric 
(walls, windows doors, ceiling, floor, 
etc.) times the appropriate thermal con- 
duction coefficient (U-value. in 
HVU/ty ° F hr) f and adding this to the in- 
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filtration load 9s determined by mul- 
tiplying the building volume times the 
number of air changes per hour, iimei 
the heat capacity of air (0,018 BTU/*F 
ft 1 ).* This will then yield the building 
load in unite of BTU/*F hr. Multiply this 
number by 24 to obtain the load in 
BTU/degree^day, which is the number 
needed in the subsequent sections^ ; 

Cqlleetor Sizes For Selected Otties, 

The location of a solar heating system, in 
terms of solar radiation and-*ambitettt 
temperature, is the last and most impor- 
tant factor, 4 > 
; Using the techniques of simulation 
analysis, LASL has calculated the per- 
formance of the standard systems for 
those cities where sufficient weather and 
solar data have been available, 

Thi results enable one to determine 
collector (and thus storage) siges for the 
cities analyzedl-piey are presented in 
teyns of the ratio of building load to 
collector area on page 53, 

The chart on page 53 presents the ratio 
in terms of the solar heating percentage 
of the total space heating # rtequirernent. In 
other words, for a solar heating system 
designed to provide t|>% of the space 
heating requirement in Fresno, the ratio 
is 34 BTU/degree day .fig. 

To use the building load/collector area 
rat io to determine the size of the collector 
for one of the cities listed (or an 
equivalent location) , one must determine 
(1) .the building thermal load and (2) 
decide what percentage of solar heating 
the system is to provide/ 

For example/for a 1,500 square foot 
house in Fresno, California, with a tW 
rnal load of 10 BTU/degree- day /ft 2 of 
house, the building thermal, load i§ 
i 5, 000 BTU/degree- day . 

•Hoe the ASHRAE Handbook* for detailed treatment of 
building load calculations. 
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Suppose, nest* (hat one decides on a 
76% golw heating fraction -wftfc the 
balance of the heating requirement to be 
made up by conventional means* For this 
fraction, 1 the chart below for Fresno 
gives a ratio of 34 BTUfdegree-day/ft* of 
collector'. Therefore, the .required 4 collec- 
tor size for this particular case i§: 



^ 441 square feet. 



1JO0O 
14 



Iii a similar maimer, one can deter- 
mine the size of a collector for a standard 
liquid or air system for any of the cities 
listed on the table, for -25%, 50%, and 

( 76% solar heating; and for collector sizes 
|or other percentages, one can use the 

. graphs beginning on page 54 to deter- 
mine the correct ratio ftfr the cities plot- 
ted on it, and with which one can then es- 
tablish the actual collector size. 

The table below lists load-collector 
ratios for both liquid ind air systems, 



There' is rio obvious systematic climatic 
trend obiervable in the relative perfor- 
mance of the two systems? Both seem to 
have cotaparable performance charac- 
teristics at high values of the solar 
heating fraction, but the liquid system 
does perform somewhat better than the 
air system at lower values of the solar 
heating fraction. 

The variation of collector size with the 
solar heating fraction is shown for the six 
cities on the four graphs beginning on 
pagr54, Two of the graphs are for the 
standard liquid system and two are for 
.the f standard air system. For con- 
venience, the curves for both double glaz- 
ing and for a selective surface* are also 
shown., TheSe curves are plotted against 
the" ratio of collector area to building, 
loacj, which is the reciprocal of the load- 
collector ratio used ea 



*Absorptanc# * QJ5, ©mittanct - 0,10, 



LOAD-COLLECTOR RATIOS FOB SIX CITIES 



Solar Heating 
Fraction 



Standard Liquid System Standard Air System 



25% 



50% 



75% 



25% 50% 



Site 



Phoenix, AZ 


432 


172 


84 


369 


154 


79 


Santa Maria, OA 


300 


144 


84 


ago 


133 


76 


Fresno, CA 


206 


77 


34 


186 


72 


34 


Medford, OR 


130 


41 


14 


117 


39 


15 


Seattle, W'A 


104 1 


33 


11 


88 


29 


11 


Bismarck, ND 


66 


24 


u 


62 


24 


11 



NOTE: These values have been determined for a specific oni=year period (the 'solar 
heating design year") haned on hou^hy-hour computer simulation analysis. 
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JUy Solar-Load Ratio Method for Determining 
Size in Other Locations ; p 



r •i^^^S^P^t^^ reliable' basis for 
•/ predicting the Sf^arly performance d a 
: solar he ating system is ta^qur-by-hour 
computer simulation analysis of the en- 
tire system. Such analyses have been 
performed by LASL for a total of 25 U.S. 
arid Canadian cities for up to 12 years of 
weather data for each city. 
Based upon these calculations, a 
. monthly solar-load ratio iftetlito^ ^has 
devised. It enables a designer to 
let the performance of^ a solar 
heating system! based only on monthly 
data of horizontal solar radiation and 
heating « degree days. The method has 
.beeft validated by comparison with the 
. hour-by-hour computer simulations. 

Initially, the standard liquid system 
was chosen for analysis, but the results 
for the standard air system were suf- 
ficiently similar, that the same monthly 
solar-load method can^now be used for 
either system to determine collector t size 
by applying a small correction foE/the air 
system. 

Based on this method and on monthly 
data of solar radiation and heatirig 
degree-days, specific values of the load- 
.collector ratio have been calculated for 18 
cities in the Pacific Region, These are 
given in the table on page 61, They can 
be used to estimate solar collector area 
for a standard liquid system in the same 
manner as the numbers in the table on 
page S3, For a standard air system, it is 
recommended that the values in the 
table should be multiplied by the follow- 
ing factor: 



Solar Heating 
Fraction 

75% * 
50% 
25% - 



Factor 

0.98 

0,93 
0.89 



It should be noted that the values for 
load-collector radios in the tables on 



pages 61 jare usually different from 
on page 53. Two factors account for this: 
1 , The numbers in the table on page 61 
are baled on the approximate 
monthly solar-load- ratio- method 
and therefore should be spmetfh&t 
less accurate than the numbers in 
the table on page 53, which aye 
based op hour-by-hour simu^tions, 
2 , >The rmMibers in the table on page 61 
are ba^^Von loiig^ferm m< 
averages of 'solar radiation 
V* heatirig <Jkgree^day&, whereas those 
of the table on pag&£$£ra based on 
a specific year, the "solar heating 
design year/ an explanation of 
which is given on page 18, Therefore 
any systematic correlation of solar 
- radiation and heating degree-days 
will not be reflected in the results of 
% the monthly solar-load ratio 
method except as they occur on a 
nationwide basis. 

It is recommended that the 
load-collector ratios on page 53 be 
used .whenever there is a choice. 

The maps on page 58 give a 
general indication of the distribu- 
tion of load-collector ratios. They 
are based on the monthly solar-load 
ratio method, using data from the 
18 cities listed in the table on page 
dpi, plus an additional 67 cities 
throughout the United States, 

The monthly solar-load method is 
. a five-step process which can be 
performed on a hand calculator 
with the aid of trigonometric and 
exponential tables— or >.with a 
calculator that has these functions, 
Ther Steps are as follows: 
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CO^^^iolldwing data for 
each month of the year for the 
site* where thyolar heating 
7- •'' system "& to Binocated. 
V a) Heating degree days, per 
«%. month. The figures given in 
..■"«' J the tables in the Appendix 
are long-term averages ob- 
tained from the ASHRAE 
Guide (see pp. (96) » for 18 
cities-within the region, 
bj Total solar radiation on ^ 
horizontal surface, per 
month, The data, given in 
the tables in the Appendix 

* • "* Were obtained from records 
...of the National Weather 

r ' ■ Service for total daily 

'•• radiation. The averages are 

. Ni v ' based on 200 to 700 days of 
measurement during the 
♦ months listed.* 
Step 2) Correct the solar radiation to a 
. <"; collector for tilt angle of 

• latitude-plus- 10 9 using the ap- 
proximate formula following: 



The values «e th 
tion on a pftnoe 




.thly solar 




eq^al to the faktude.plus 10° a»(i orien 



ted due south 

reference,, how© 



should be used in * 
■to the remarks M 
collector tilt arigle^on page 22. 
Step 3) Determine the itoMding ther- 
mal load „in uni is of 
BTU/degree-day. Thy is the 
total heat required' by the 
' * ' building per day for ft 1°F dif- 
ference-between the inside aJad 
outside temperatures. . ( . 
4) Determine the "solar »Ujai 
ratio" (SLR) for, each -toontji 
frotrt the following fiormula^: , 



Step 



SLR - 



Solar Collector. 

r "' r. ■ + 

Area f 



Total Radiation on 
Tited Surf see _ 



Building Thf rtml Heating pejreeji&^s 



Load 



per mont 



Total monthly 
a -. radiation on 
^ iitttd surface, - 
STtJ/ff 2 



- O ■ 
1,025 V 



8200, 



w 



here 



total monthly radiation on ft orizon^^su^i^^^^ 2 £ 
^* cos(latitu€e ^s©iardeeiini*io1ti at tatf^bhtS^^^ 

^far dcclinatidn ^ 5-0 cos(30 ^ lg7 ) * f ; * 
at mid-month ^ v " . : • * ■ £ 

\ *f v 5 " . ... : '..:/ • 

M ^ month, (January = l t December ^ 12) 

The data in the table in the Appendix 
were calculated frorta the monthly 
average! solar radiation data, as, 
measured on m horizontal surface in the 
18 cities, by means of the formula above, 

„ _ ±i - * V 

*It is to be noted that thi figures in these two tabl^dq not 
eorres pdnd exactly to those of thi solar heating dwffn ye«a 

for the si* cities used in the parametric liquid and air system 
studies, since these wen measured values for individual 
months rather than averagei. 



The solar load ratio is dimen- 
, ; siqailiss* It is the "ratio of the 
total solar energy ificideilt on 
the collectors to the t^tal 
energy required to heat the 
v building. * ; / )r 

Step 5) The annual solar heating frac-> 
tion can then be estimated 
ytpm the fpfl^ing formulae- 



12 

- Annual/ X fDegree-Days)(X) 

Solar v mo, = 1 _ t _ !_ 
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Heating 12 H 
Fraction S (Degree Days) 
mo, - 1 

,• .* * 

■ where 

/ • 

...X = 1.06 -1.366 e « SLR + J06 SLR ( 
(for SLR < 5,66) 

X= l,(fo/ SLR > 5,66) 
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LOAD COLLECTOR RATIO FOR 18 CITIES 



f a* #i * ri^™ ~ Solar Heatinf Fraction 
Latitude Elevation Degree _ ._- _ -^— m ^ _ 

Site e N ft Days 2S% 50% 78% 



Arizona 



Page 


37 


4280 


6632 


128 


48 


23 


Phoenix 


m 


1139 


1785 


3(X) 


118 


59 


Tucson 


32 


2440 


180O 


301 


118 


59 


California 














Davis 


3y 


50 


2502 


198 


72 


33 


El Centro 


33 


12 


1458 


647 


206 


97 


Fresno 


37 


336 


2492 


195 


70 


32 


Inyokeni 


36 




352S 


232 


88 


42 


Los Angeles 


34 


540 


2061 


416 


157 


75 


Riverside 


34 


1060 


1803 


391 


152 


74 


Santa Mtu ia : 


35 


289 


2967 


353 


142 


67 
















Astoria 


iO 


22 


5186 


127 


45 


19 


Cur vail is 


45 




4726 


120 


42 


IB 


Medford 


42 


i321 


5008 


107 


38 


16 


Washington 
















uj 






i l / 


41 


18 


PuillU£li t 


1/ 


2583 


5542 


lGO 


36 


16 


Hi* hit* jui 


4/ 


73 1 


5*Mi 


100 


35 


15 


Seattle 


4ft 




4424 


1 10 


37 


15 




45 




6655 


90 


31 


14 




i . 






i ,ii 1 ail 1 1 


... J4iJ 1, ■ 




del criiniie i 


.ih 













The function X is shown plotted below. 
Note that X is not a very good 
estimate of the monthly solar heating 
TrafeUon because it is desired to com- 
pensate (on an annual basis) for the fact 
that the heating load based on degree 
days per month is lower than the heating 
load based on hourly calculations, 

Test of the Monthly Solar Load 
Ratio Method: The key to the accuracy 
of the method is the determination of the 
function X used in Step 5. This function 
has been carefully determined so that the 
resulting error in predicting the solar 
heating fraction (compared to the 



simulation result) will he minimized 
without using a different function for 
each locality, # 
The determination of X is based on 
hour-hy-hour computer simulations of a 
"test year" for 25 locations for five dif- 
ferent collector sizes in each location. 
The average error resulting from the 
method -is essentially zero and the root- 
mean- square error (standard deviation o£ 
prediction error) is 4.4% sglar 
L ing. The next figure shows the 
prroieted versitf simulated results for the 
125 cases studied, and the following table 
identifies the jpitifo corresponding to the 



symbols in t^l Figure, 



X 

o 

3 
(/) 

o 

k 

X 



o 



o 
c 
o 

o 
o 
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The Rficflon kfor 
Simplified Method 



-0.55 SLR 



X=l.06-I.366e 

-I.05SLR 

+ o.iOse 
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VI. Domestic^Hot Water Heating 




Simple thermosiphon and tank-type 
solar hot vvsUer heaters are common in 
many parts of the world where freezing is 
not a problem. There is no separate heat 
transfer fluid in these passive rooftop 
units, and hot water is used directly in 
the household from them, The simplest 
tank-type design is a large water-filled 
plastic "pillow"; in more complex and 
durable types, water circulates through 
pipes of steel, plastic, or glass four to six 
inches in diameter, 

A flat plate collector can also heat 
water to he used directly (via a storlfg 
tank) in the household. But, ip^^f 
climates, unless the system /g^^ 
drained, it must use a nun tree^B^j^^i 
transfer fluid with a liquid -to waf er'fteat 
exchanger in the storage tank. The earfv 
adaptability of this type of system to an 
active liquid space heating system is oh 
vioUB, hut care must be taken tu avoid 
contamination of the dumesny water ^ 
supply hy a toxic collector fflurcf 

The .hAk objective ul* this Sjletiun ui I tic 
KandhiKik is to pnnide design mt..>r l na- 
t ion dpjjfupiialc U> sUHifc a doinc-al u, 
h*»lar hot water heatet of the conventual 
active type, that is n ^v^tem consisting 
i/faflui plate toIleti.H Willi a ^winped li 
quid cm >Ian I which delivers \ i e at U. t\ 
s toiii^t tank h\ in. an;, ot heat t 
changei Thi: b K/ mnutiii: In emit .1 U. 
1 m pi \ that t Ui a Is the ht*sl tip 4 H.>aih It i;-. 
h imply t he mur that h«r» been a^iah /i d in 
Mime dfttg|[ lank t vp,-. ttiw/inw^iplu n 
or air h^ran| tors present different 

options which mav he i.iorfi suitable but 
for which eopapiirtftle' d^i^u ntuditM 
Nave not vet 4^^n coin pit- led. 

Th^re a i e hosve, er , t Wu wax . Li l 

a flat i)lafe domestic hot watt: . x •(< m 
c «i i be used . with out tank ui wit n i ah 
Assuming that thr ostein vmII !u * e a 
conventional hack a p cleiutMit a < u » e 
tank s>j-tfc?ni consists -f a stura, .<? i nuk 
heated (1) by the sUai collector fluid 



passing through the lieat exchanger in 
the tank when the sun is shining, and (2) 
by an auxiliary ? gfas burner or electric 
resistance coil for times when it is 
necessary to maintain the water tem- 
perature to a /thermostatically deter- 
mined level (see diagram below)* 

In a two- tank system, these functions 
are divided into two tanks in such a way 
that the solar heater acts as a pre-heater 
for the conventional gas or electric unit. 
This system can be expected to perform 
at a higher overall efficiency than the 
one-tank system, Since the auxiliary 
heat is supplied to the second tank, not 
tu the solar- heated tank, the solar-heated 
portion of the whole system mil operate 
at lower storage (and hence collector) 
temperatures and thus at a higher heat 



collection efficiency. 
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Connecting Domestic Hot Water to a 
Space Heating System Employing Li* 
quid Heating Collectors. A domestic 
hot water heater connected to a liquid 
space heating system could be of the one* 
tank variety, where" the collector output 
goes through a separate heat exchanger 
in the domestic hot water supply tank. 
More feasible would he the two=tank 
variety, where the second tank would he 
a conventionally fired hot water tank us 
ing the main solar storage tank as a 
source of heat to preheat domestic water, 
The domestic water can be preheated by 
immersing another storage tank in the 
main storage tank, or by using a heat ex 
changer between the domestic and main 
storage tanks. Shown in the figure us a 
two-tank domestic hot water system, 
similar to the one on page 65, connected 
tu a liquid-heating collector system 




Connecting Domestic Hot Water to a 
Space Heating System Employing Air 
Heating Collectors, Incorporation of 
domestic hot water heating into an air 
space-heating system would involve an 
air-to-liquid heat exchanger at the collec- 
tor outlet, and a single-tank hot water 
system. The air- heating collector system 
would provide domestic hot water at 
lower efficiencies than the liquid-heating 
collector system because of the collector- 
to-air and air-to-water heat-exchanges. 
On the other hand, air systems avoid the 
po#fbility of contamination of the 
domestic 'hot water system with the 
collector coolant liquid which may he 
toxic (e.g. ethylene glycol)! Shown in the 
figure is a one-tank domestic hot water 
system, similar to the one on page 65, 
connected tw an air-heating collector 
svsteui 
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Domestic Hot Water Design Parameters. 



The nominal design parameters for the 
collector are the same as those given for 
the standard liquid space heating system 
on page 17. Since the storage tank is 
relatively esmall, the heat loss from the 
tank surface is relatively larger than for a 
space heat ing system and is explicitly ac- 
counted for in the analysis, A tank sur- 
face of 0.5 ftVftf is assumed with a tank 
insulation heat lorn Coefficient of ,083 
BTXJAr *F ftf . 

In addition, the thermal load is quite 
different for water heating than for space 
heating /The profile of hot water demand 
shown below was deduced from personal 
experience, and the simulations were run * 
for this profile, It is, assigned to be the 
same for every day of the year. 

In the normal one-jank system, the 
solar- heated storage tank is fired by aux- 
sources to maintain the water tenv 



perature at a mini muni of 120° F. A 
nominal storage was assumed equal to 15 
lbs (1.8 gal) of water per ft 2 of collector 

In the nominal two U-mk system, tht 
solar- heated storage tank acts as a source 
of preheated water fw the fecund tank a 
conventionally fired hot water tank A 
control K 'the Hit win adapted in whu li 
auxiliary heat is added tu the f»ct «md 
tank to maintain the temperature at 
120°F. The^nominal theunal storage heat 
capacity for the solar stor&gt? tank is the 
same as for fhe one tank system For the 
second auxiliary fired tank, a nominal 
capacity equril to one hult'lhe Jailjfrus&fct' 
was chosen.- For, example if the daily hot 
water usage is 80 gallons a day the 
second Htc >nt^e tank would hd 40 gallons 

Tht nominal domestic hut wale* 
system, as in t he ca^t* of tht .^t hmlai d li 
quid spare ht-dtitig s\nlem |,xi/\ ide* 
/if the required heat tVum s*>\ar en, i#\ 
The loads which, give t\ 75 4 soUti Uq^l K>n 
are as follow*; 4 



On^-Tank Load Two-Tank Load 
for 75% Solar for 75% Solar 
Location IGaWiay-ft?) (Gat/day-ft*) 



Phoenix 

Santa Maria 

Fresno 

Medford 

Seattle 

Bismarck 



1.85 
1.41 
1.02 
0.59 

0, 165 
0.63 



4M 



4: 2,45 

■ 1.54 
1.05 
0.52 
1 .085 



Four parameters were studied £©r 
do trie stic hot water systems: collector 
area, collector tilt, water storage mass, 
and hot water temperature. The effects 
of varying them are presented in detail in 
the sections below, followed by a discus- 
sion of the method for determining 
collector sirfes for hot water systems 
through the region, 



) 

A^iUMbU ' UriL PROFILE 
tOR buMEHTiC HOT WATER 



-> 



1. Collector Area. The graph below 
shews the effect of changing the collector 
area for both one and two-tank domestic 
hot water systems. Th^ plotting 
' parameter is collector area divided by the 
heating bad in gallons per day. Three of 
the six c : !>- are shown. Phoenix and 
Bisrne wk repre^nt the extremes of per 
fitrmunce, whik Fresno represents a 
l^la^M^y average easel Individual collect 
tor are -/load cun**s are shown for all six 
cities or t he graph on pp. 69-70, the first 
graph for i onr ank system and the 



second for a two tank system. 

It can he seen that the two-tank 
system outperforms the one-tank system, 
As was pointed out above, this is the 
result of the lower operating tem- 
peratures of the solar-heated portion of 
the two tank system. The increase in 
total heat obtained from a two-tank 
system over a one-tank system ranges 
from approximately 30% for Phoenix to 
55% for Bismarck in the hot water load 
range of 12 5, to 6,0 gallons/day/ft?. 




\ 
\ 



2* Collector TUt* Because of the con- 
stancy of th# load, the effect of collector 
tilt for hot water heating b quite dif- 
ferent from that of space heating, The 
following two graphs stiow the effect for 
both one and two- tank systems. For both 
systems there is some variation in the op- 
timum tilt irt relation to latitude, As 



would be expected, the performance of 
the one^tank system falls off rapidly as 
the collector tilt is moved more than 20° 
from the optimum. However, the two- 
tank system shows a much broader op- 
tfniuni; that is, the performance is less 
sensitive to collector tilt. 

The optimum tilts are as follows; 



Location 



Latitude 



Optimum Tilt 
jOne-Tank 



Optimum Tilt 
Two-Tank 



Phoenix 
Santa Maria 
Fresno 
Med ford 
Seattle 
Bismarck 



33 
35 
37 
42 
48 
47 




35 
36 
39 
50 
54 
56 



i 



80 



o SO 

0) 



o 

3 



40 



CL 



J 




50 



-30 



-K> 10,, 30 

Collector Tilt -Latitude 
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5 3, Water Storage Mais, The effect ; of 
storage mass for domestic hot water is 
samilar to" that of space heating systems, 
Values greate^than 15 lb/ft? yield little 
improvement In performance. The heat 
>oth storage tank§ 4§ made 
> the tank surface ^pfea by 
relation: * * \ 

/Storage MC^ 1 ^ 




Tanj^ Surface Are a 
Collector Area 



/ 



There is a wide range of sensitivity to 
changes in the storage male fbr^the one- 
tank systei^ For systems in\Phoenix and 
Santa Maria, the solaF'fracftion falls off 
rapidly when the storage mass is 
decreased, Systems in SeattleVnd Med- 
ford ^show less sensitivity. For the two- 
tank system, ^he ovprall effect of change 
ing the Storage mass is less than for the 
one-tank system throughout the region, 



f > n. 



a 

3 



I 



a> 

o 

£ 



100 



80 



60 



40 



4 





m 



ph 



One Tank 



5 10 15 20 

Thermal Storage Heat Capacity 
(BTU/°Fftl) 



7 3 



v->.- 



The storage masses for the auxiliary 
tank in the two-tank systems for a 75% 
solar fraction are as follows: 



Location 

Phoenix 
SJanta Maria 
Fresno^ 

Seattle 
Bismarck? 



Storage Mass 
Tank 2 (lb/ft 8 ) 

10,2 
8,37 
6,43 
4.37 
2,17 
4,52 
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4. Hot Water Temperature. The two the solar hot water system decreases by 
graphs below show the effect on the solar an average of 5 M% for every 10°F in- 
fraction of varying the hot water control • crease in hot water temperature for a 
temperature from 120°F. In the range of one-tank system, and by an average of 
lOO°Ft0 140°F» the fraction of heat from 3,8% per 10°F for a two-tank system. 
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The component™ active solar sWinji- 
ming p9dl heaters are similar to those of 
don^pjtic hot watdr and active space m 
heaters of the liquid type, In general, all 
eitaploy flat plate collectors aijd the heat 
transfer medium is mwl fr6m collec- - 
tiori to water storage Apis by electric 
pumps. Space heaters and hot water 
heaters commonly extract water at 140 S F 
from col lectors whose surfaeerean exeeed * 
200°F, and operate with an efficiency of 
30-5^. Summing pool heaters, by cor^ 
trait, T^#-the temperature of seve/aT", 
thousari(f gallons of water only a few 
degrees, to around 80°F, but operate at 
an efficiency of 70«80%, . > ' 

Solar pool* heatert ^ius take full ad- f 
vantage of the fact ^jE solar collectors 
are more efficient wflln working at low # 
ratures. Collectors normally need 
be glazed or insulated for swimming "* 
pool applications, which results in a sim- 

r design that is far* less expensive than v „ 
ctors for space and hot water 
heating, which require glazing and in- 
sulation to attain ^|Wher temperatures. 
Since pool heater^ afP^imarily .used to 
extend the §winMpinf-*ason^ they are 
operated during fflbgefimes of the year ^ 
when thereMs more solar radiation than 
in mid-winter and when ambient tem- 
peratures are relatively high, 

u -\ An un heated* swimming pool has a 
"natural yearly temp^raturfe cycle that 

* vliries with climate ancP geography, A 
comfortable three to four month swim- 
ming season can be stretched out to five 
or six months when a pool heater is ad- 
(ted in northern California, and even 

7 s ^4ong'er in BouUfer^CalifoiVH^... With a 

solar pool heater, the seasop will be ^jkm* f 

r tended primarily in tfc "spring, less so m 
the autumn? and the pool temperature 
can he maintained qh an average of fO?F 

* above an unhealed pqpl? The simplicity ^ 
mm built-in ^ffipienc^ of swimming pool 
applications, allows the designer^ con- 



Hesters 

altr 



siderabieleeway in all parameters excep|g£/ 
that of collector area* Xke*firge quantity ^ 




aim dictates a large 
i*to copect sufficient 
^tfceigy f collector size 



, of .writer to 
solar arrays 

amount* of sorar^eneigy ; co^ector size ^ 
will therefore OTpend dh thflflbe of the 
pool, and on>the orientatm « tilt of 
the collector. In addition, tfl nifb de- 
pend on" what part of the season is 
primarily to be used for heating tfopool. 

. \. b ■ t * " ; 

Collector ArearAs a rule bf t humtfc 
the Collector area should be equal to 
least one half of the pool surface ar§a in ^ 
order to extend the svdmming^eason'itii 
spring and autumn in a reasdnablji^i^^ 
climate, given optijnum tilt and ori^Kr* " 
tion. In some areas it m^f be necessary to 
incre&se the collector area to equal the g 
entire surface area of the pool, 

2. Collector Orientation, The oj 

^imum orientation is south, but west^- 
facing orientations are .satisfactory 
long as the collector area is increased, to a 
[mum of 75% of the pool surface area, 
facing orientatiohs are marginal,. 




lector Tilt* For year round 
heatinjf appUj^ions in warm clifhates ofi 
where a solagwater will be used^|n sup- 
plement a gas-flre4 heattf for ye at round 
. use^the optimum tilt is equal to the 
latitude of the installation site. For 
primarily summer heating, the "tilt 
^should be equal to the latitude minus 10- 
15°/ For winter he§ting s the tilt should be 
equal to latitude plus 10^5°. In situa- 
*^rtonf where r(7is desirable to, install tlie . 
Collector, hori^ntally, such /as on a fllat \ 
roof, the collector area should be in- 
creased to 75% of thV-ppol surface area, , 
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( Since all swimming pools require a 
pump*a4fcl related plumbing, the addi- 
tion of a solar pool heater to an exfctifig 
installation can be relativfe|^simpl#/A^ 
pressurized hydraulic system with ahfgh 

. - " 77 
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flow ra^Ss he/^s^ to kt«p the collec- 
tOT panels c^ol and tfjR Dperating at a 
high jftelffi^ should 
. no|4^P*6t ai too gieiwmstanqe from the: 
t pool, A south-facjng rooftop can be an 
ideal installaflfcm site in cases -wKe^PtneJ' 
' roof structure can support th^additional 
weight of^ the water-^led • 6©llectoi4| 
whfch can be «xpect£tf to have,a*coolmg 
effect ip ;a hat climate on the roof and the 
structure beneath, = 



3* 



The s^tftmipg pibl ifee^i|^| ther- 
mal storage aria, empl^nf^n'eifective 
thermal storage medium— Water, ?^e ^ 
pool can also se>ve as a c^^p g siffface. 
Transparent pool co^HB^arieiy of 
which are cctemercial^^^iiable^ can 
contribute substantially to maintaMing 
,aodU raising water temperatures by 
^^^^e fc means> and should be considered ■ 
in conjunction with solar pool heaters of 



the active type, 
* 1 r 
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Space ^eating, Passive Designs 

General Design dSftsiderati^ns 4 






tive space heating systems dis- 
cussed in Section V utilize separate ther- 
mal storage in the form ©f a water tank or 
tack %ed. In them, thermal energy is 
transferred from the collectors to storage 
and subsequentjy from storage to the 
building thermal control system' ii\ a 
j^TOpleUily JKgjilated way by means of 
- elec^irolly powered pumps o^rani that 
move the heat-transfer fluid — liquid or 
air — throughout- the sys|<roa^ 
-, An alternate approached* solar spa ? ce 
heating is characterized by a reliance on 
s natural convection and radiation and by 
heat collection^teid storage areas^hat ar# 
Jiijtegrated with the living space, rather 

f separate&from itr It has come to be 
own as the- *)£as£ive" use of solar 
Building * heated* by passivg 
sometimes < been referred # to 
^ti|ftpered, f " 
(H^aimost ariy building benefits 
Mii diiSIt solar gains, ailcwi be saicUo 
/^te pdfeively heated to somPfxtent, m 1 is * 
^ r when solar energy utiltiatijSv becomes a 
%ajor objective* of the architectural, 
design, and tUks when solar energy sup- 
plies a major fraction Joftffe h^ati^ rm 
. quirements, : that one would refer to the 
structure at^lolar heated building. ■ 

The term "passive" is* now in 
widespread use. Technically i|i^s 
^preferable to define a ^passiv^ sofar* 
heatTi*e or cooling system as one\in which 
*the energy flow is* entirely hyf natural 
,. . .means. Design* which utilize motorized 
or manually opiated insulation panels- 
or shading 4 devices once or twic#a day 
K can still be consfdS^^ passive Sy\this 
definition provided that the thermal 
jnergy flow is by^»ttffal convection, con* 
ductiin, or radiation. Hy^em designs 
- J whiclvutilize small fans to assist circuit 

Lft simp|y 
pasJN ip 




tion , s 



not 



9 

ERLC 



be ruled < 
because they aTe not strictly 




pies onpassive solar 



cases where the usfe pf a small amount of 
auxiliary energy can materially decrease 
the overall conventional heating or gool- 
ing * rcqdiffements . In i(hof|^a passive 
design sh^^|*k tc^oii^pe the vm of, 
natural ebnveetidn, c^tluctioij^ and' 
radiation prM«w while minimizing the 
* mechaifeal devices powered by 
co^vlft^fliiTl rails* 
m number of exM 
heating concepts Have been built into 
structures and have received widespread 
atAtion for their "apparent success in 
a&viijg energy. Sgpe of jjaese designs are 
discussed beginning onfcage ;S2^ But 
despitejthe publicity give«b them, these 
designs have not yet been widely adap- 
ted! Thif has probably been d\jM to a 
combination of skepticism ab©t|t Ineir ef- 
i ' fectiveness and ^ lade of engiheering 
driterifi— there haiNbeen < 
titativf^ assessment of thefi 
Aftd at tie present time J an increasing 
interest atoon^airchitects W passive con- 
" cepts stilr ^continues ioXputpsFee the 
deVeldprnent of thermal criteria to guide 
,'their, use. ■ 

The quantitative pAbfiPX with passive 
*deiftns Hoes^ not lie In fchp irea ioLcollep- 
ilation of so^ ga|q£ through 
ireas \€ wejl underwood afld 
ted/ A windew is air£ffieie 
solarwfiectpr, afcd adequate 10IW ene 1 
collection combined with " proptt heat s 
conservatiqfc measurep^Ai provide tor ^ 
large ^fraction of the neaping* l&ad of a 
bunding, Ii>a passive design^ the surface 
s waving the solar flux can be cogfbiiftd 
^kvitft the thermahstora: 

of less integrated unit, as in the drur^ 
''Wall systeih', or the utorttr^an bf 
separate from the directly irradiated Sur- 
face; aj v^h» mfSsive internal walls hot 
4irectlf*WMHi to sunlight, or there bar * 
be a Comb™ pft of storag&masses direc- 
tly and iMirectly heate^ t?y solar 
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radiation— the usual case of a house #it% 
large"' south facing windows, with flooii 
areas, furniture, And ifllae internal watlf , 
etc., in shadow.Jn/^Wnttri1><pay belaid 
that the arrai^pMnt in whicli the ther- 
mal storagj^ja^wUpi i§ directly heated by 
the solar flu< will provide for the highest 
ion .of e: i>agsive solar heatings and 
i m i z e l prohfe m a ^f d ay t ipi e 
overheating. ^ 

The challenge confronting passive 
solar eh|f|y tigsign 4&*one of storage4nd 
cohlifoTvCffleat tq maflfiain suitable com- 
ards within the, building, The 
l^ i fr ^radoxica 
^yeqmires a te 

a&rag'fi ihedmm, and yet the objec- 
uUcttng tipped .control is to 
in^m a*€onstant^enfperature, Thus, 
f the'storajge is to be part of the living 




ce of the builfling, how cBi they be 
mddf . com^atiWe? One approaclfh^ to 
se, as it^werej ^rute force in the form of " 
such a large, mass of heat capacity dthat 
. the^ temperatur* variations are tplerabla, a 
and this generally has been favored over 
the alternative of inlulating the storage 
mas^from the living space. \^ 

Moderately effective controls^ Have 
bewi designed to deal with other 
proBlema in passive designs, and include 
movable shading devices to control , 
sunlighf, movable insulation p 




storage 
era^re 




ensi- 
nge 



"reduce night-time heiit loMes* ana ven- 
tilation ports to either £^gftaent or reduce 
daytime heating by means of naturli 
convection. These, ancFqther elements of 
passive* designs which Shpjuld' be con- 
sidered 'from both architectural and 
engineering viewpoint • presented 
below. a • i v * ■ ,'>! i M 



Elements of Passively Solar Heatet) Building Design- 



Element 



Application 



Thermal Inafilatidnr 



Fenestration: 



\ ■ 



( 



Shading: 




inaulatibn is used in decreasing natura^^ 
energy flow^Ssniaintain building ^lerM^oiWWt, 
, e.g., thermal insulation retains building interior 
warm^m|^old environment, and coolness in *Wj 
enV^onmem? Movable insulation can beuse$4o< 
natural/energy flow through widows at desired 
while inlawing energy flow at other times, 

Windows act §s an effective solar collector. Win- 
dows can bi used to admit solar radiation either to 
warm^the structure p0or lighting, Window orienta- 
tion is extremely important. South Windows reijewe^ 
maximum winter gains ^nd minimum summi^fcainff, 

Roqf overhangs and window awnings carrtjTdesigned 
to admit the low winter luruand block out the, high 
summer sun* Shading can ba combined with insula- 
tion in the form m drap#^ and shutters for windows 
NaturaWfading can also be provide^ by vegetation, 
. both dedhums and^vergrWn. Beciduews trees pro- 
vide a natural seasonal control of shading, 
, ' i ■ «i i 

The use of diffuse or specular reflectors can sig 
nifiaantly increase the total influx of solar radia- , , ■ 
tion thr^igh a window^ In U\e pooling rnqde.'high 
emittance ^ifelerioriurffeees reflect visible radiation 
h nd radiate Kept-in trjj infrartd, ^ 
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elements of Passively Solar Heated Building Design (continued) 

Building Structural Mast within* the building provides natural thermal- ' 

or Added Mass: storage of sensible heat . >. 

% Thencal Radiation: Thermal radiation is absorbed directly or jndirectly 

I by the thermal storage mass of the passive system. 

The energy is removed by radiation and convection from J* 

♦ ^ the storage mass to heat the interior of the building, . 

In warm periods, t Hernial radiation and convection cgn 
. . k « Be u^ttto remove heat from the building and also from ~* 

the stoffce mass during the night time. 

Natural Convection: * In passively heated systems, natural convj^tienof 
^ /air can be used as a heat transport mechmism (along 

, -^jwith radiation), and to produce air movement (ven 

Won) . Natural convention ii^ liquid systems c$n be^ 
- v ^ * used transport fi(at also, as in m thenbosipjion f 

^'.J^a. h hot water heater, Y 

^Sdji^ 5 * Conduction : Material* of high mass and low theraahdiffulhrity 

t (such as (Ordinary masonry) can delay thtarrivalo^a 

' ther^pl wave until the heat pan be used effectiligw, ^ 

_ j>. 0 ^ ^ / ; Si*' 

Air Stratification; Warm airman be stratified at thq ceiling and re- 

. moved bv natural convection throu gh ver^ to reduce 

* the air-cdndit!joning load, Alternatry^l3fl^tT*ti£i- .* =r 

% cation cm be used ^ toconcentrate_warmafr wus^^^ 

. < Evaporation: , . Static outdoor ponds (^if hapsU the roof) can be .* 

e(>oled evapoytf|WJ, and tHe remaining water used - 
to coolfltia|fl Maying dttaacadki^the water ^ 
a il^^fF^h^^R 0 ^^^ ^ooUng and can have a , 

- c w rf /^^^ piea^g. sic ^^ff oc t^ ^hiqh can be architecturally \ -\ 

/integrated J \ * * 

Thermal rnasfces normgtly 8tt}j£ sensible heat. Heat 
Storage Materials* of fusion brphfee change materials offer a premising 

energy storage/mechanism in heating, H'eat of fusion ( 
T materials require smaller mpa and vonype requirAaente 

) 4 ** than sensible heat storage for fte same heat capacity. 

^ * ' * and store heat withdutff change of temperature, |n 7 

* cockling, phase change materials offer promising - 

- X vj> thermal baa t sink. However these ma terialfi ha not 
K % ^s^y J yet been deVejoped to the point of practical use in s m 

^ Mkr^ paaaive syat^rrm # v * v 

. ^V' • ' . * »»'■ .--V m J. *~'\ *) *' 



'Some Passively Solar Heated Building Designs. 
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The use of passive design elements can ' 
be best deiflonstmted by^ildings that 
have successfully inebt^orated |hem.^! 
Several existing buildings are di^ussed r 
beloitf in detail, Thev are grouped ac- ^ 
cording to the types that represent three 
major approaches to p*assive solar- 
heating: direct gain, thermal storage 
wall, and roof pona. 

% Direct Gain. The simpfbst ap- 
proach* to passive, space heating is . 
through direct gain of sola?, radiation by 
meajps of* south-facing expanse of glafs^ 
This approach works" best frhen^he south >* I 
window area is double gla|i^nd wheri^ 
the building has consideranlr thermal 
miss in the form of concrete floors ^and 
masonry walls i^Jatefion the outside*. 
What results is*h^ffect, a live-in sola* 
collector • thermal storage unit.. If the 
south-facing window area is vertical, 
.seaiojial temperature controls basicilly 
automatic, as the interior spacj^of the 
building >is exposed to a mSkimurn 
amount of sofar energy in the.cold%inter 
months and to a minimum in the sum- 
mer-'when the sun angles are high. 

An example of a direct gain svste/n is* 
the Wallasey School located in Live'rpotJ^ 
(gland, "at a .latitude' of 53* north, 
.'signed by A. E, Morgan and built in 
, 1962, it was one of the first passively 
heated structure* built in mpdbffi times 
. and remains, at Jhis writing, Tht- largest . 
The basic csnstructgp is, of Concrete, 
with roof, back and side walls and floor 7 
to 10 inches thick, and exApior surfaces ■ 
insulated with 5 inches of expanded . 
polystyrene. " The south-facing— dq^k 
glazed solar wjall is 27llet tall an 
1 around 230 feet long. The outside*heet of 
glass is clear/ separated 'by a space 
around 2 feet wide from the .inside -sheet 
^oT "figured gfalP— a type of glass that 
refracts the suns rays in such a way that 
ceiling and floor of the structure -are 



* irradiated in a fairly uniform, maimer, 
VThe builAing is heated tq ^Ut«0% W 4 
-^He^svny ata4 fhe remainder 1 h^rovidet^ 
bytn^neat given off by the lighting and 
the students. 

Another direct gain system is the 
David bright house .in Santa Fe. New 
Mexico, located in the pinon foothills of - 
the Sahgre de Cristo mountain 'range, at 
elevation of around *7,G06| feet. The 
iasic structure of adobe or earth brick is 
1 D-shaped. in plan with the flat-side fac- 
ing, so^jth. On the east side is an entry • 
area with an "air lock" door arrangement * 
.that preventjg; excessive infiltration of 
. cold air into the primary living space in ' 
the winter, The #outh face of the ^b^' 
story house is a wall 'pf double-glass that 
? rises from a few fieet above the floojrto the* 
" 'rbof- beam iine.^nd this serves^ the 



collector system. At night the glass area 



gordian-fol 
sTceiling, A w 
sunnlies 






is insulated by an 
shutter J/twered from 
* fi^ed Franklin stove 
heat. ... V * „ .* 
Thfr thick aobfe w 
mal storage^ They 
/ ches of polyureth&ff 
surfaces and icov 
plaster. The flcS 

insulated at 'depth. "Fifty-f^e g 
drums filled with wateMurf enpedclfd in ( 
th% banco — an adobe beulhr sharac- 
teristic of southwest architecture ur^ 
der the *south windows ^^^^ditt©rt^ 

^mass. Domestic hot waterfs suppiieB byv 

Wa thermosiphon solar heater wh^r 
collector "is location the imth sjbpk 
outaide ^thr feuildifc. , i 1 ] 

The house has c|en occupied since the 

^winter of 1974-75 and is {^rforrping well; 
During the charging periBd it tends) to • 
overheat but excess heat can be vented 
out through windows on the second floor, 

fc They also serve for summer ventilation, ' , 
VHje roof overhang on the youth side ~ 
shades the interior of the house frorh the * 
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summer ion. Daily temperature ^toia- ^ 
turns are characteristically W d t ^thfr ^ 
downstairs of the house. '. 
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2. Thermal Storage Wall. The 

second type of system uses a wall set 
directly behind single of double glazing 
for thermal storage. Th^^Wis usually 
pminted black or 'ft dark' color for good ab* 
sorptance apd *can be ormasoniy or of 
water-fiHed containers. 

j<Ch example of a storage 
is the Steve I^aer house li 
south-facing slope in the 
northwest of Albuquerque^ ^ 
well-suited for %olar heating, 
altitude is approximately 6,000 f| 
though t^e winters can be seve| 
during short periods, times of 
clouSiness are relatively infrequent. 
..r&Bfe solar lifting iirtd storage system 
oPlBS Baer bouse is centered around a 
south-facing wall of water-filled 55- 
gallon drums; stacked on & metal rack in * 
a close-fitting horizontal array, The 
south-facing ends "of the drums are pain- 
ted black and thus^act as the collectdl 
surface" bfehiSjS a \ fl6or~to-ceilin^ glass 
wall, single grazed, ." 

To/prevent heat losses from the^'drum 
waM" at night or durin^loudy periods, 
an insulated panel, hinged at the bottom, 
can be raised to cover the entire surface 




of the cover panel is faced with 
aluminum sheets so that in its vertical 
closed positioirit acts as a reflective in- 
, sulation to interior thermal radiation — 
while in ^ horizontal and open position 
it reflects Solar radiation on to the "drum 
walk" 

THte ends of the drums facing the in- 
terior are painted in li^it|fcafles to com- 
plement the decorating reheme of the 
space they serve to heat. Visually, from 
inside the building, the "drum wal^" is in- 
terpreted as an architectural screen, with 
the brightly lit spaces between the drums 
presenting a repetitive star-shaped pat- 
tern. 
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mode, the teimi releaai 
tp the space by radiation and con- 
Son* lib capacity of the system is 
calculated. Allowing for filling 
volume, it ^calculated that each clrum 
releases about 418 BTD for a 1 0 F drop in 
the water temperature, * 

While the "drum B yaIl M provides 
heating for most of the building, the 
kitchen is fitted with a Baer "sky dome," 
a large skylight fitted with 1 rotating in- 
sulated louvers and- covered by a clear 
plastic dome. A simple freon- filled 
"balanced control tHat requires no exter- 
nal power senses the direction of radiant 
energy flow and opens the louvers during 
the day and alloW radiant ^nergy to flow 
into the space. Iff the evening when the 
flow starts to reverse, the louvers close off 
the sky dome, 

A second storage wall approach is ex- 
emplified by the well-known ^ombe- 
waU houses^ constructed in the sol jjteom- 
munity near Odeillo in the Kench 
Pyrenees by* Felix Trombe and ^is 
colleagues* 



rhe-baaic paaeive elejQg^t is a massive 
south-facing conMpMBr. The 1 exterior, 
surface of the concrete is painted black, 
and is double glazed in such a way to 
provide an air-passage apace petwgen 
glass and concrete, and the air padfage 
is connected 1 with the livraj* space by 
means of openings in the concrete wall 
near tjpijhtfloor ajpd ceiling, , L : 

In the heriting mode r solar radiation 
sftikes the black-painted f cos 
-face. As heat collects, a cc 
flow circulates tl 





?een ttag^giass ant 
is dilpp from the tioor^ievei openings 

jot sir discharged Jgito the; wring 
through the ceilin^livej^tei^ngs, 
convective lodpjs established 
the whole collection area and liv- 

race: 

At t^e same time the massive concrete 
way, is slowly accumulating ^thermal 
energy as the* portion, of solar mat not 
removed by* convection diffuses into the 
concrete to be stored there, At night the 
convective loop closed off, and the 
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concrete storage wa]| acts as a low-' 
temperature radipt ttating^panel to the 
living space. Thr exte^or face of thVwall 
loses heat to the Environment, but* the* 
doutde glazing reduces these losses' to an 
acceptable level. 

Data; taklen from a Trombe-wali 
building constructed in 1967, in" which 
the walls are two feet thick, indicated 
t roughly 36% of the solar radiation 
ident on the south wall during winter/ 
is is transferred into the house/ 
the heating season, around 70% of 
Kiting load was* prodded by solar 
eng rgs^ rWith the remainder by a cdnven- 
ti©n2^iermostatically controlled aux- 
iliary system,* Of this 70%, about 20% 
was transported into the living space by 
convection through the vents and the 
jgmaining 50% by conduction through /a 
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In the summer, the overhanging roof 
shades the glazed concrete waM JfSftihe 
sun. Vents at the top of the glazipg 
warm air to es^ap^|itf6ide, thu^se 
up ff convtctive cirtuit that ventilat 
the living space, as vindicated by the 
dashed arrows in the sketfift on page 85 

[3. Roof Ponds, The last type 
pot pond system in which th 
Drage m on the roof rather thaft jft a 
jth-ffteing wall. The shift/from vertical * • 

a system that can be'lSpecpbr summer^, 
.codling as well as for wlhfc^r heating^ t 
• The Skytherm system \^sjirst tested 
in one-room structures in Phoenix, 
Ariidna, and has been recently evaluated J 

* in/a full-scale test house especially ^ 
d/sigried for the system and btul^in J * 
A.tasp4dero, California. The %St$ hf%a 

^mfee^&lftere climate In terms of heatfng 
requirements J*an "the original Arizona 
test site, and Vti& test has^ndicated that 
it is | possible to h&vfe economical solar M 
heating and night sky^booling with an in- 
tegral Skytherm system. 
The thermal performance of , the 
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Atascadero house wis impre«(jve, Tj^ 
system supplied 100^ of the gating and 
ir%pien ts of the huild^ dur- 

nths* The'^gjj^ 

r teiiipera^e tetwfeefc 
cept ^during sp^Ial 
or during tiraea of profcot; 
breakdown, flSA even during t^sft exce 
tional periodf^r the dtemperaturg 
wen^itoove 79°F ot 
ddor ~ temperature 
cycled less than'4°F dai 
temperature stratification in tftCHiviij|f 
space WjnT!flpi^y : less thaft^S^F in the 
winter, aadll^han 1°F in the summi 

The larpwfr monthly average heating 
load hanflerf^ me system, was about 
24,00Q BTU/day ift February, The largest 
monthly avstege cooling Joad was about 
168,000 J|TU/^y durin|»uly. The ex^ 
p#riment|l h^sie ^ad an overall heat 
tranafer ^otlficient of about |,500 
BTU/degree^day (excluding roof) aild an 
pqtflitoiuftjpmperiature- (ambient tem- 
perafrfftio^wWp^ no heating <# cooling 
is req^^^^bout 62°F, The collector 
area was about 1,100 ft 3 , about the same 
as tHfe figpr drea.-'The average water 
depth of the roof ponds was about 8,5 in- 
ches, fp£ a total of about §,000 |allona of 
^rtff3^he system was operated with^fae 
thernaoponds botK unglazed^nd glaze; 
/with an inflatable 'clea^ pmstic cover, 
The cover ^rovedTttc^Mary in-order to 
keep the in^or^imperatu^up to tjje 
reported lev^^uring/OTe wiBter^jppnths, 
Without" jfcfethe indoor tem$>%rstuf 



would have*popped to fiear 60°F)in thj 
early morning hours, , 

The weight of the rpo^ ggnds <Aat|d 
no major problems, even % a site lo^twf^ 
in 4 an Earthquake area. The design of 



^kyttfermJs amenabfe td^p^efabri^H#n^ 




^tecb^ould jpestttt irf % nmimat^on-sitp 

/iab<br. Problems \cWi\h ' rpof KTaks have 
!^6J#^orrected aifitl additional Wstter- 
1 tigh^j30d^k^ar0^ow biing studied^ 
^he^nsk^tf^^panfeik and aromatic 
echanism functione^lwell. 
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„ _ 4a» in wiftjer s the insula- 
jmnel* elide back and expose the 
h^ioponds. £t night or 
during cloudy ^(fcods, the ? insulation 
^jp ahels alide back oW thfe thermoponds, 
thus preventing heat losses back iiafta the 

Th^hermoponds make good thermal 
p r contact ^with^ the ' metal ceiling: heat 
^ transfe^ to the living space is thus by 
radiatiori aj$d convection. 
Dur^g the winter months, the thermo- 
idfl fact a% ff/laarge thermal storage m^s 
^ ™ "average temperature above that 
jg 4*e average ambient temperature, 
' ' T m sulytaer, tlie roof insulation panels , 
are 'omedvln the daytimg hour^T during 
time hea$" irtside the house is 
transferred to the cooler thermoponds* At 
"night, the panels slide open, exposing the 
theritiqjppnds to the sky and the heat 
they hf^e collected from inside th%J^ouse 
discharges by, : radiation - into , thV:;sky. 



Thus, in the summer mode^the tJi«M|o* 
ponds act as a large thermal storage mass 
with arr average temperature below that 
-of the ambieflt ^tio^rature* \ ;< 
, It was necessary in summer to deflate 
the ciew%lastic c«fcers of the thermo- 
ponds in order to keep the living space 
temperature below 80 e F, However, bet- 
ter ventilation of the thermoponds and 
elimination of panel air leaks would 
probably have allowed the system to be 
operated with the' covers inflated, \ 
I There are some geographical Umitar 
tiorrt it ide Skyffierm System: M^the 
south, for example, the high humidity 
Would hamper night radiation from the 
exposed^ thermoponds to the: sky during 
the summer cooling mode. For locations 
of high latitud&in = the north, some kind 
of vertical reflefl^would be necessary to 
direct the lowBiR?inter sun on to the 
horizontal thai 



Movable insul 
(moves over export 
when roof extfosed) 





Metal, ceiling 



the Harold hay house 
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4. Attached Solar G^fenhouse. * A 

* combipfltT^ pf direcfa|aitt^and thtrrajrt 
.storage if all <^ceptfl iio be fovj^d in tfe| 
wUrf^ifen^^B, in which tiffe *giazed 
41 greenhouse tt^cturl provid 
jjain ^^^a^radiation, 
storage in rtw P south-facing 
of the butldirig to which it il 
Some twenty solar greenho 
type have been built in reo^nt years hy 
the Solar Sustenance Project under the 
direction of William and Susati Yanda, 
The goal of th# project was to reduce sub- 
stantially the eonvfcntial space heating 
requirements of thg buildings to wh^ch 
the greenhouses were attached, while 
also providing an indooV growing area 
during the 1 winter months. The project 
emphasized construction technique 
within the reach of the hdmeown 
moderately skilled in carpentry 
'Materials costs %veraged around $2.50 ^ 
per square foc^fc. 

.Under this project, greenhouses have: 
been retrpfitted to mobile homgs and 
<, houses of frame, pumice block, and 
adobe construction in New Mexico, For 
houses" of Wassiye construction, / the 
soutJ-Tacjng waU to which the 
grewbou^e was attached was* used as 
heat ' stordge, while for Houses of 
lightweight construction it was found 
nelfeaary to; add tlfe storagl-mass to^the 
greenhouse area in the form of (water- 
filled drurgs or stone 'floors, Jn orSpr td' ( 
maintain temperatu|eiT30f F above oilt^ 
door lows in winter, it l wff^e|t|mated that 
the greenhouse should contain a storage 
mass the^quivalent of about two gallons 
of water or 80 pounds of concrete per 
square foot of glazing, r % *. 

The greenhouses were double glazed 
with u 1 1 r a - vi ole tyesi s ta n t fibe^gla^s^ai^ ^ 
eling on the ouUide. and lj^%wi^nt* 
polyethyleije ftii^ronHhe inside, and we 
designed P m^h a partial ' solidfrttf 
overhang tcvmtnimize overheating sprin 




Cool Air — 

from Hpmf 

; - x 



Bill Ycmda* Gne^nhbuse.^pesjgn 



r 
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through autumn . They wejre built against , / 
existing door and window openings to Jfe 1 
allow circulation of the \yarm air from the 
greenhouse int© the livings space— and, 
during severel ^ff ld j^ht s; circulation of 

oi|se to heat : \ 
hecfessary to 

t t f 



&ar^Sajr/fr< 
the greenho 




he drawings WefeifkenfromJKe Ipfl^i^ig reference by per 
mission of the authV^ W. F r Van da anii^Susan Y»njja # %n 
Attached polar Greenhouse, tin English an^Spanisfr^ Sa. 
The Lighting Tree, 1976, pp, 1=4. * X. j 
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Appendix ^^Betermination of Peifcrmajaoe 
7 By Simulation Analysis ♦ 




Ration 

analysis using actual Wflplr and solar 
data, and a matheraatiGalrmodel of the 
^solar heating, system, Ik schematic of the 
model is shbwn on page 90, The operation 
of it is simulated jby a digital computer 
code pn an hour- by-hour basis, * 

At each hour the net energy which can 
be extracted from the collector is- ' 
calculated* This is determined from solar 
radiation, collector design, outside tem- 
perature and wind speed, and the inlet 
fluid temperature 1 from storage. If this 
^energy is positive* it is added tp storage, . 
The thermal load is calculated either . 
frGni the outside temperature (for €pace 
heating) or a fixed schedule (for water , 
heating), : Energy is extracted from 
storage to Satisfy the thermal load. At 
t^ries when storage cannot satisfy Ae 
lotfd, auxiliary heat is added as required 
to makff up the difference. The change in 
^storage temperature over the hour is the 
mi energy add|^ fforA tfce, collector 
minus storage Heat losses minus J: he . 
energy extracted* By the thermal load, 
divided by the storage heetf capacity. 

This calculation is repeated for each of . 
the 8,760 hours of the year* All,^B|rgy 
flows are s summed hour-by-rf^^ftand 
both monthly and yearly summaries are 
printediDut. A typical year- long cafcular 
tion requires only 34 seconds on the Los 
Alamos CDC computer, making it feasi- 
ble to study the effect of ehanges in many 
design parameters, * 



c 



> Examples of tjie type of results ob« 
Gained from the simulation analysis are* 
presented here for Fresno, CA, The "solar ^ 
heating design year" chosen is July 1#57 
through June 1908, Daily solar radiation 
and temperature data arfe shown on page 
9Q. * " v ^ *■ 

. For Fresno, the simulated response of a, - 
standard liquid systen^ for , seven con-* x 
secutive daypJa winter ire shown on 
graph on 91* while simulation V 

results, for tn^fctire year are f shj|p&-on^ 
page 92, A table* of the ^monthly energy 
balance W on page 9^ J 
The table on page OT^j^Ws the Results ^ 
of computer simulations Kff the standard 
liquid system forseveral ye^jfs in Fresno, Cf 
Jt can $e uspd to estimate ^ear-to-year 
-variatipn in solar performance as well as 
to estimatf the. average solar perfor- 
mance. The average percent solar 
heating is 75 .2%* with #-st^ndard devia- 
tion ofjU%. Ther selmiotfpf 1957-58 as 
the (Jet jm y#ar was. based on the percent ; 
ofsolar heating beingclosest to the* '75.2% 
long terrp, average. 

The graphs and tables given in this 
handbook are all based on the results of * 
this type of simulation analysis. In order t 
to study the effect of changing a, 
"parameter, for example the effect of a / 
^different thermal itotege mass, several 
^year-long computer singulations ware 
rn^le fach with a different value ofttfer; 
mal mass. These results are then plotted, 
as in "the graph on page 40, f to show the e^ 
feet on annual percent of Solar heating*^ 
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SIMULATION SCHEMATIC - 



V TOTAL * DAILY S01AR BAJUTIO^-W 
4 TILTED 8URFAOI PACING 4 SOOTH 



240Q* 




Based on a m«atur«rnfnt msd« with g-tormrtQi p^norntter 
analytically comet id t© 4M**tflted surfqea 
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DAILY MAX AND WIN AMBIENT fEMPEBATURE 




40 80 I20 !60 200^ 240 280 320 360 40QDays 
I Jul | Au^Sfp | Oct |Ny IPtc | Jen I Fob I Mar I Apr I May I Jun I 
I957 I958 
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MONTHLY ENERGY BALANCE FOJ FRESNO 



* Total energy flows for each month are shown below, for one ft 1 ot 
collector. The sum of the solar heat collected pins the auxiliary he§t 
used does not necessarily add up to equal the building bad* beeau^r 
t here is sorni carryover from the heat in storage from month to month, 
Initial storage temperature is set at 180°Ffor tni simulation eodt. The 
percent solar heating for each month is calculated by 'dividing the 
building load minus the auxiliary heat by the building load. 







Building 


Solar Heat 


Auxiliary 


Solar 


J Tear 




Load 


Collected 


Heat Used 


Heatinf 


Month 


*BTU/Mb 




BTU/Mo' 


% 


1967 


July - 


^ . 665 


w 1262 


0, 


, 100,00 




August 


1964 


2148 


0 ' 


100.00 




September. 


em 


27|1 
8876 1 


0 


100,00 




October 


8289 


0 


100.00 




November 


18819 


16634 


1631 


91.33 




December 


26043 


10439 


15576 


4O.20 


1968 


January. 


24879 


12857 


12597 


49.37 




February 


15247 " 


' nrtao 


. 1939 


87.28 




March 
•' April 


19029 
U1Q4 


17308 
11380 


2185 
1434 


88.52 
87..09 




Nay ^ 


4ife 


4742 


0 


iOO.OO 




June 


2487 


2886 


0 


100,00 
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Daily max, 6 mm afptisnt teri*p. 



40 80 120 ISO -2Q0 ^240 380 320 360 400Day? 
Jul | Aug! Sap Oct i Nov 1 P»ci Jan lR»b 1 Mor 1 Aw I May 1 Jun 1 
1957 1958 



SIMULATION RESULTS FOR THE "STANDARD* LIQUID SYSTEM 
FOB SEVERAL YEARS IN FRESfT© 



YEAR* 


&TU/yr W" 


BTV/yr ft 1 ** 


* DBG— DAY 




1952 , 


i 

688422 


7936fi ■ 


2589 


87.74 


1953 ^ " 


672515 - 


774268 


2550 


S4.«8 


1954 


" 627851 * 


698473 


3092 


69.42 


1955, 


643081 


731670 


2850 


80.57 


1956 


691320 


* 664508 


2723 


77.52 


1957 ' 


560946 


614067 


2622 


73,79 


1958 


578257 


639456 


2097 


78,77 


1959 




• 626296 


2+67 " ' 


78.53 


1960 


532529 v 


577985 • - 


2817 


66.41 


1961' 


545994 


587526 


2958 


59.76 


■ 1962 


636553 


711595 


2567 


80.49 


196p 


606957 


663720^ 


31 11 


64.50 


AVERAGES 


604229 


1 

673626 


28£9 


75.20 



■/Theyttr begins July 1 of ths year listed and §*te?nd« through 
/ June 30 of the following year, 

* *fof iaaurtd on a horizontal surface, * 
***CaIcuIated for a tilted collector aurfacs, § 
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^pd^c^«4^ «tt«r^O^ jfcj# ©ixcities 
rar wWiph detailed paramjet er gtudire are 



demonstrate ' 



- : ; l^itldtclir ' X4Pft4^ x^he buiidiiig load is 
giv©|i in laaits BTU/a^gm^da^ ^Fhk 
figure can be obtained from knowledge of 
til* buiWing eoostrvictiaii using the 
4SHR^B Handbook of Fundattentak 
lb© 4SHRAE^B*ndbook cwftalng 
nutoewtis "IT "factors or ovemltwall heat 
transmission coefficients for various wall 
and roof typa$, 

For this study > we mil assume the 
followi&g building characteristics: 
Single Story 8 ft ceiling ' , 

Floor Area - 20QQ ft 1 (40 x 50 ft), 
Walls, frame with RIl blariltet imitation 
- ^Celling and Roof, R19 blanket insulation 

Windows/ 20% of wall area with double 
panes. 

From the ASHRAE Handbook, the , 
following values are found (BTU/hr ft 1 
°F) 

LJwaIl«>.08 " 

U windows - ,70 

V floor * 10 

LJrgof ^ ,04. 
The areas are ! 

k wall - 1152 ft 1 , u 

A windows - ! 2$fi ft* 

A roof = A 'Hoot - 200O ft*. 
The overall product of U and surface area 
is then 

UA ^ 574 BTU/hr * 1377* BTU/de ff ref 

day, * * - - 

In addition, tb#re is a heating load due 
to infiltration. For one change of air per 
hour, 

Air density (68° F) =..075 lb/ft* 
Air volume = 16,000 ft s 



hit specific heat ,24 j^W/lb *F 
rfamfoM, the beat lo 

tlie tctal load is tHeii 

2Q,M8 BTU/d©p«^day '* 
or ; ' 

1Q*3 BTU/dBgr^i-dttyT (Si? square^ 15cif ciF 
building ana. j 

Collector Area, For the purpose of il- 
lustration, Spokane is chosen as the 
desired location to implement the design, 
A liquid space heating / system with 
single-f lazed colleefors iaassunped. If a 
5096 iolar heating system is desired, the 
load/collector xatio pan be obtained from 
thf taWe^ for 18 Pacific coast dtias on 
page 61* The required collector fires can 
he found by dividing the load by the 
load/collectpr ratiq. In this case 
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J 1 STO^igf ee^da^ftj 

A c = 667ft| 

Parameter Variations. The 

parameter cuivesjmay now be used tooh^ 
tain corrections for deviations from the* 
standard system. There are no 
parametric curves for Spokane, However, 
Spokane with 6^655 annual degree^days 
of heating lies between Medford with 5,- 
275 degree-days and Bismarck with 8,484 
degree -days. In tcrma of annual horizon- 
tal radiation received, Spokane faith an 
Average d£^83 f 837 BTtJ/yr ft* is similar 
to Bismarck which receives 478,758 
BTU/yt ft 2 . It would be expected 
therefore, that 0 qsretem in Spokane 
would show similar performance varia- 
tions as a system izi Bismarck, % , 

The first effect to bis examined is that 
of^decreasing the, thermal storage by a' 
factor of 2. The thermal storage for the 
standard system is 15 BT,U/ a ^fy or 1200 

1 93 




By interpolation, tht effect on a normal 
50% system fean be found, as\ fellow: 



15, 



50 Percent Solar 
Syitem 

. 60,0 
44.4 



Therefore the system capacity is reduced 
to 444% by using one-half of throrfginal 
storage, muss. 

The effect of using single-glazed collec- 
tors with selective surface can be found 
from the collector area/load curves on 
page 53* A collector area/load "of 1/31 - 
,032 ft 8 DD/BTU shows a 45% solar 
heating fraction for the Bismarck or- 
dinary single-glazed system and a 55% 
solar heating fraction for the selective 
surface. The ratio of these values is 1,22, 
so the Spokane selective surface system 
can be expected to improve to 

Spokane Percent Sol#r, Selective 
(1.22) (50%) - 61%, 



Combined Space Heating and Hot 
Water Loads* A good estimate of the re- 
quired collector area or solar t heating 
fraction of a combined space and hot 
water heating system can be obtained us- 
ing the solar load ratio method, This can 
be done by adding the Jiot water load to 
the building load so that the monthly 
solar load ratio is 



SIR ^ 



( Solar Col .lector Arca\ IT 



'otal. Radiation on T 
f Surface (BTU/ft 2 



Building Load (BTU) + Hot Water Load <BTU) 



ilted\ 



$km1^ frfrW ■% 

'the ^n|hly ficrt water 
as foliowsi * 

H&^ater Load * (GaUM^ayf *(8.34 ^ 

temperature rise^* (Number 
of days ptr month) 

A usage ratio of 80 gallons per day and, 
a teftpemture rise of 60°F: i^F'W^ 
120°F) is agsumed, . ' „ 

^ the tables at the end of this Appen- 
dix are used for heating degree-days* the 
following monthly energies result for 
Spokane, ' 



f H 

A. ' 





Space Heating 


Hot Water 


Total 


Month 


milUsnt of BTU* 


million! of BTUa 


, raiiliettsofBTUi 


1 




1.24 


. 28.71 


2 


2027 


1.12 


mm 


3 


17,25 


. 124 , 


IMS 


4 


1099 


1,20 ' , 


12.19 


& 


BM 


1,24 


7,20 


6 


2,70 


* 1.20 


3.99 s 


7 




1 24 


1,43 




. 0.52 - 


j.24 


' L76 


9 * 


:ua 


-120 


AM 


10 


10.20 ' 


• WM 


1M4 r - 


il 


18,18 


1.2U 


1 ." 10.38 


12 


22 .1R 


- " k24 


23.1*2 


Total 


137 .AH 


14,60 


152.28 



The solar load ratios and functions X for 
a system in Spokane with the 667 ft 2 
collectors can now be found using the 
monthly radiation tables" in this 
Appendix, . • 
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; o;w 




&&C26 




■ - ~tm\ 


1M821 


1.2356 " 


0.4613 


' -3, ■ 1 




0.6S46 


1.910$ 


o-tesa. 






0.8166^ 


~; 3.3767 • 


0.8556 






1.00 H 




1,00 


1 6 


Ii,3fe3 




16,236 


Ni.oo 


v 7' 


mma 


LOOM 


273.8 


Loo. 


8 


26.295 


1.00M 


• 88.998 


A.OO 


9 


' 7.882 


■ I;OOP 


10,614 


(1.00 " 


1(S 


2.511 


0.7386 


2".8165 


\p,7857 


11 


0.8945 


0.3444 


0,9536 


p.3639 ' 


12 


0.6241. 


O.260O, 


0,6595 


0.2627 ■ 



The^ annual solar heating fraction is 
then found by using the total monthly 
load rather than degree-days in the for- 
mula on pft^e 60, This gives 

l Annual sqIit hcttifij fraction = 70,46 x 10 6 ' m $1,2% 
Spice tKatiag^aly 

Annual solir heating fraction 
Spice heating & domestic hoc \ 



137,68 x 10" 



m 78,02 xlQ* - 51,2% 
[ 152.28 x 10* 



The space, heating fraction ' is not 
precisely 50% as predicted due to round- 
off of the load/col lector ratio of 31, When : 
domestic hot water is added* the annual 
scjlar percentage is unchanged. This hap- ■ 
pens because the loild is distributed more 
evenly throughout the year, The solar 
heating fraction is smaller Curing the 
winter heating months, but all of the ad- 
ditional hot water load is provided by 
solar energy in the summer season. 

Thus the tptal solsfr energy utilised is 
increased from 512%. of 137.68 million' 
BTU/yeftr or 70,46, million BTU/year to 
51.2% of 152.28 million BTU/year' or 
78.02 million BTU/year. 



an annual basis, bb illustrated in tht 

Jmrniwi jnBTjp»WflBi ill W!p ByCW IIPBwn 

case «tody» -ri-'S— /' -.. -rr;— ™— r7 - r -- 

The 4en@§ti<r htf& 
curves for both one and two tank systems,: 
on pages 69 and 70 in fact show similar 
behavior. - ■■•'"_/' '-*' 

For a 60% solar fraction Attiistie hot 
water system in SjSokane, the BtanMp^ 
curves could be used, giving tlw followfiig 
ratios, - ^ 

Collector Ajron/Load 



One Tank. 
Two Tank 



0,86 
0,80 



# For* an 80 gallon/day hot water.use rate, 
the required collector areas would be 



One Tank 
Two Tank 



Area (ft') 

SO 
4S 



It is furthermore expected that these 
results would be at least soiaewhat con- 
servative due to the milder climate in 
Spokane* 



Domestic Hot Water Ojtly, A 

separate domestic hot water system can 
be sized for locations other than the %ix 
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'California ' 



L.'t 



ft$m 
Jnyoktm 
XoiAngilia 
JRrviwida 

I" . 
Oregon 



Corvallig 



Washington 

Pullman . 
Richland 
Seattle 
Spokane 



V . * , . 1 



1183 




§48'' 


'Mb 


*337 


474 
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75 


6 
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72 
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195 
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93 
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426 . 
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694 
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25 
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0 


56 
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21 


43 
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C 
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n 
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714 


42 
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291 


9 


47 
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316 


96 
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391 
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679 
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585 
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933 
1039 
J57 
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0 
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0 
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12 
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-47589 
§1084 
$2834 

, 33579 
47104 
32291 

Imkm 69816 
Los^ngilis 44701 
Rivirtidi ' 49059 fc 
Santa Mafia 60778 



Corvallis 



Wiihiflftoii 

PuLliiiin 
Richland 



Feb 



60853 
54656 
53348 



12 
49551 
40895 
61927 
47819 
51434 
61340 



64424 
62815 

57131 
59100 
57173 



58035 
81112 

m 
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64042 
69951 
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62436 
62716 
61476 
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60568 
51443 



met em em 
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738® 70KB 04997 



67574 

7O083 
« 87573 

6253? 

66212 
' 68621.. 



75612 

72511 
87069 
58897 



77671 



S 



13246 


27020 


39382 


46099 


55646 


52078 


22782 


27910 


40904 


48066 


59924 


60689 


22S01 


33702 


47708 


j 56353 


66466 


66837 


21686 


37365 


50076 


62404 


71607 


73863 


28088 


347ja 


49454 


53867 


61827 


69140 


30014 


mm 


54363 


60620 


70081 


68272 


16G02 


23045 


36934 ' 


41619 


■ 50672 


50012 


29450 


37528 


49381, 


58604 


68534 


67875 



79415 
62017 
74140 
35138 
88876 
71277 
76057 

59015 
75106 
77873 

mm* 

78942 
71606 
5946a 
77944 



61799 
64542 
62889 

73876 
58823 
69639 
81135 
64166 
67156 

64216 
65031 
70862 
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70549 

59415 

61342 
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mn 


59744 
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28512 
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17932 


55343 


43045 
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51476 
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72638 
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70693 
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43687 
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26623 




33516 
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57424 


69741 


79959 


78044 


73210 


67147 


-58660 


48730 


35424 


30181 




35347 




56852 


69520 


77900 


76051 


70235 


66003 


57896 


49416 
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8100U 
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67376 


mm 


M575 


44O40 


32214- 


. 28448 
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wo 
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72523 
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56126 


42216 


25682 


17845 
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35576 


43374 ' 


63944 


77822- 


^ 89224 


90663 
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80874 


70295 


56852 


37741 


3016 


LaAnpies 


29169 


56490 


51704 


s 60885 


. 66575 


64317 


73438 


67{p 


53357 


42324 


30443 


27339 




61572 


3S846 X 


54106 


59889 


.'.88002 


71955 


75726 


697-78 


56789 


43239' 


33764 


3G085 


§a$t§ Maria 


31686 


44409 


54335 


56900 


71961 


82029 


79959 


71151 


6M85 


4^955 


34538 


81572 
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9838 


17J22 


30542 


'42398 


55365 ' 


\ 54243 


59712 


51704 


38856 


23908 / 


: 12177 
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12011 
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32144 


44501 




"62435 


74582 


61311' 


44280 


26310/ 


14502 
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.13498 


21793 


38664 


52915 


m 


71180 


76700 


61176 


50811 


32830 ' 


16052 


10981 
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13498 


22151 


37406 


55129 


69206 


73837 


78700 


63?15 


48376 


310O0 


15055 


11210 


Pullman 


12926 


20225 


36262 


47822 


60169 


69077 


77671 


61542 


44280 


27454 


14723 


1O066 


Richland 


13612 


22044 


39350 


53025 


67261 " 


68302 


75612 


64516 


45830 


30771 


1428a 


10981 


Seattle 


0236 


1425S 


27796 


37859 


50102 


51586 


59139 


47472 


33984 


21161 


1O073 


6868 


Spokane 


12812 


2M67 


35461 


48487 


63601 


67416 


75269 


62800 


43727 


mii 


13173 


9494 





ppendix C— Location of the Sun in the B^y 



Ml$ important to be ablf to predict the 
^ lucaUwi uf tlie sun in the ^ky, relatt^to 
^^^^bfwvar «n the ground, atr different ^ 
-ttow ofthc day and in different seasons , 
This can be done with charts or with a set 
o f s t raightforward t ftgenometaic^equa^" 
tions. The problem with the charts is 
that a different chart is needed for each 
latitude. Charts for latitudes of, 32°N 
iroughly Tucson, A£), 36°N (roughly 
Fresno, CA) f 40°N ? (roughly Red Bluff, 
CA), 44°N (roughly Eugene, OR), and 
48°N (roughly Seattle, WA) are given on 
the following pages, The charts show the 
/ position of the sun in the sky (azimuth 
and altitude) for different times of day 
and times of year. 

The charts art given in terms of H sun 
time" which is measured relative to local 
solar noon—the time when the sun 
crosses over the zenith, local solar noon 
is usually different than local ^standard 

time/ To make the correction use the 

» .- * ■ 

equation: 

^ ■ , 

Sun Time ~ Standard Time + Equation of Time 
+4 (Standard Meridan-Longitude) 

The standard meridian for the U.S^time 
zones are as follows: 



Eastern Time Zone 
Central Time Zone 
Mountain Time Zone 
Pacific Time Zone 



75°W 
90- e W 
105 e W 
120°W 



The "equation of time" is a correction for 
the non-uniformity of the earth rotation. 
It amounts to a correction of a few 
minutes. The "equation of time" values 
are as follows for mid-month (in 
minutes): 



Jan 


-8 


May 


+ 3 


Sep 


+5 


Feb 


-13 


. Jun 


0 


Oct 


+ 14 


Mar 


-8 


Jul 


-5 


Nov 


+ 14 


Apr 


0 


Aug 


-4 


Dec 


+3 



When calculating sun time, remember j 
\to wfc*raict;ott 
get standard time if daylight saving is in 

■ effect, /*'" ; - : -v — • r - 

, Fhe equations used to calculate sun 

which need to be -defined/ These aw as 
follows: * .. ^ 

Solar Altitude: The angle of the sun 
above the horizon, measured by 4« obser- 
ver squarely facing the sun (the measure- 
merit made by a sextant). 
Solar Azimuth: The rotational angle of 
an observer squarely facing the^sun, 
measured from due jouth, (the mAsure 1 - A 
merit made by a compass, corrected for 
magnetic variation) 
Latitude: Latitude of the observer. 
Declination: The angle between the 
plane of the earth's rotation around the 
sun and the earth's equatorial plane in a 
direction facing the sun, > 
The declination is easily calculated by 
one of the following equations: , 

« i« ■ tn** 284 + diy of year 

Dcclinanon = 23.45 line (360 ~~ -z- r j -™* * ^" > 

V - * S 

or (less accurately) by: 

Declination * 23,.45° sine (30 x month + day - 
111) 

i 

The equations are as follows: 

sine (solar altitude) ~ cosine (declination) x 
cosine (latitude) 
% cosine (15 % solar hour) 
+ sine (declination) 
x sine (latitude) 

cosine (solar azimuth) - cosine (declination) x 
J sine (15 x solar 

hour)/cogine(solar 
altitude) 

Other useful relations are as follows; 

■/ s 

cosine (15 x sunset hour) * tangent (declination) 

x tangent (latitude) 
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A-ppendix D— Conversion to SI Units 



'The following tables express the defini- 
tiojis of miscellaneous units of measure 
as ttact numerical multiples of coherent- 
Si units, arid provide multiplying factors 
.for ^converting numbers and mis- 
cellan^bus units to corresponding new 
numbers and SI units: 



To Convert from: 



To Convert to; 



Multiply by: 



Foot 1 (ft 3 ) 

Pound (Mass)/Foot f (1 tarn/ft 8 ) 
British Thermal Unit (BTU) 
ETU/Fg©t 3 «Hour (BTU/fVhr) 
°¥ (Degrees Fahrenheit) 
°C (Degrees Celsius) 
LBM 

Inch of Water ( Pressure ) 
Foot 5 (ft 1 ) 



Metre 1 (W) 

Knograrn/Metre 3 (kg/M s ) 
Joule (J) 

Watt/Metre 1 (W/M 3 ) 
°C (Degrees Celsius) 
5 K (Degrees Kelvin) 
KG 

Newton/Metre 3 (N/M 8 ) 
Metre 1 (M*) 



0,09203 
16,01846 
1054,35 

345248 
°C =5/9(°F,32) 
°K ^ S C+ 273 J 

0,45359 
248,84 

O,02«17 
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Sources of Information 

1, ignited States Government Sources 

National Solar Heating and Cooling Services: Provides free solar heating 

Information Center * and solar cooling technical 

P.O. Box 1607 * information 

Roekville, MD 2O850 

Phone: Toll fVee 1- 800-523 -29 29 



2, Solar Energy Books 

Daniels, F,, Direct Use of the Sun 1 } s Energy , Ballantim, New Yor^ NY: 1974, 271 
pp, about $2. A general introduction. 

<* 

Duffie, J. and W* Beckman, Solar Energy Thermal Processes. Wiley- 
Interscience, New Vork, NY: 1974, 386 pp, about $17. A technical text, 

Many new books on solar energy are now appearing. Current lists of available 
looks can he obtained from; 

J^ARS Published by: Knvimn mental Action ReprUt Service 

2239 East Colfax 
Denver, CD 80206 

Inter natlunal ( i%iblibiied by . 

10762 Tucker St 
BelUx ilifc, Ml) 2U/U5 

tbiH>K 4*», [ MA a.ujIicU a ti tuiidiiL periodicals Ibttiuriug suidf energy. 



Heatiu^ H^iii^cif.itin a and I r Conditioning Engineers*, New York MY, 688 
pp. 

( 1974), E^ilpkiieul | J.IV/W 



I i i 



4. Lists of Solar Equipment Manufacturers 

Solar Energy Heating and Cooling Products, ERDA, Division of Solar Energy, 
ERDA-75, 1975. 

Solar Energy Industry Directory and Buyer 's Guide, Solar Energy Industries . , 
.Assoc.,. Inc. 1001 Connecticut Ave,, NW, Washington, I). C. 2O036, * ■ 

* 

Solar Energy Manufacturer's List. Published by: Total Environmental Action, 
Inc. 1975, 12 pp. about $2. 

Survey of^olar Energy Products and Services* May 1975, Committee on Science \ 
and Technology, IL S. House of Representatives, 94th Congress, #lst Session, 545 N 
PP. 



5, Proceedlngi of Solar Workshops 

Passive Solar Heating and Qooling. Albuquerque, NM; May 18-20, 1976; 
published by The Los Alamos Scientific Laboratory, 

ASC/AIA Forum 75 - ttlar Architecture, Tempe, AZ: November 26-29, 1975; * 
published by ASC--AIA 7 College of Architecture, Arizona State University, 

r 

Solar Energy Storage Subsystems for the Heating and Cooling of Buildings, 
Charlottesville-, VA: April 16-18, 1975; published by ASHRAE, 191 pp. 

Solar Coaling fur Buildings I a>* Angeles, CA: Feb, 6-8, 1975; \J . S. Government 
Printing Off lie, Stock No. .1800-00*69, 231 pp. 

Wurkthufjs u/i Sular Cv lie*, Cor 5 fur Heating and Cooling of Buildings. New York, 
NY: Nov . 21 23, 1974, Nu tu ju «1 Science Foundation and R A N .N Document NSF 
RA-N-75-019; 507 pp. ' 1 

Svluf btiictgy tJtuc t'u m t , b j ti^fti* fur Heatuig and Cuultng Buildings, Unlveialty 
Park PA; June 12 14 19 75, published by ERDA Document COO -2560 1 Con 



tj k (Uiuii i '^i iuUit;t*lg Featuring Sular Knergy 

AlCtt u-'Ut-t j , .*/, .. >,f binrfg, l'\AAL.*L*,d bi uiwiillily by A S K fit. 2, B*^ tHJ A 

Milaea, Mil 56353 Subscripuon rate in U.S., $5/yr. 

ASHRAbi Juu/tiLil Pu t/ildheU mgiii hi) by ihu Aiiieiicaii Society ut Healing, 
Refrigerating, arid Mr Conditioning Engineers, Inc. 345 E 47th St. N.Y., N.Y. 
10O17 Subscription rate in US, $llJ/yr 



i J J 



Popular Science. Published monthly by Tirae^Miiror Magazines, liic, Subscript 
liori requests to: Popular Science-Subscription Department, Boulder, CO 80302, 
Sybseription |ate in ILS., $6 t 49/yr or $.75 for single copies, 

Solar Age, Published monthly by Solar Vision, Inc, f 212 East Main St., Port 
JerviB, JfY 12771. Subscription rate in U.S., $2Q/yr and t $2,50 for back issues, 

Solar Energy, Published bi- monthly by Fergflnion Press for the International 
Solar Energy Society, P.O. Box 52, Parkville, Victoria, Australia 3052. Subscrip- 
tion rate for organizations $65/yr or for individuals, $25/yr, 

Solck^^ineering. Published monthly by Solar Engineering Publishers, Inc., 
8435 N.Stemmons Freeway, Suite 880, Dallas, TX 75247, Subscription rate in 
U.S., $10/yr, or individual copies and back issues, $1.25/eacK 



' fi 7, Bibliographies 

Solar Thermal Energy Utilization, 1957-74, Technology Applications Center, Un = 
ivemity of New Mexico (1974), Two Volumes (updated quarterly ). 

Solar Energy, A Bibltografjhy, iy/6, I J 8 Energy Research and Development Ad- 
ministration, TID-3351-RlPl, Citations, $1175; TID-3351-R1P2, Indexes, 
$10,75. Available from: National Technical Information Service, U.S. Depart- 
ment of Commerce, Springfield, Virginia 22161. Updated by Solar Energy 
00k met. s, Published quarterly b\ ERDA Available from: Superintendent of 
Document*. US Government Pi inung Office, Washington , D.C 20*02. 31 19/yr 



Stjluf Ktiiig^ I t, , . , . J i L' f ,. £k>J uf LJuttl^dLi^ ufhiJ laic/it* nClijtkLjl tilths lit 

uoluej in SvL*r Energy jtefline Corporation, Phoenix: 1976. 
of Building* ShuiJuf. W A K tx 1 1 1 h i i J g e MA: 107 h 
NH. 1975 

lyjd buLu it*, t . t * . . r ii* J .... i ii^iiibut^j iron in ^alt^i Action ut 

Colo* ado l/uixtrsity /( .jjudt, UO 14th St Dcave. OlJ 8G702 about 200 \>p, 
and $15 



• Org 



anizatiois 



American Institute of Architects 
1736 NWYorfr Ave. NW 
Wash^rton, D.C 20OO6 

ASHRAE 

345 fe:,47tli St. 

New fork^NY 10017 . \ 

. . | 

International Solar Energy Society 

American Section 

c/o Florida Solar Enaigy Cente'r 

300 State Road 401 

Cape Qanaveral, FL 32920 
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